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ABSTRACT
Recessive mutations in the SIAMESE (SIM) gene of Arabidopsis result in multicellular
trichomes harboring individual nuclei with a low ploidy level, a phenotype strikingly different
from that of wild-type trichomes, which are single cells with a nuclear DNA content of
approximately 16-32C. These observations suggested that SIM is required to suppress mitosis as
part of the switch to endoreplication in trichomes. We demonstrate that SIM encodes a novel
14kD protein that is part of a small Arabidopsis gene family comprised of four members.
Homologs exist in other dicots and in monocots, although no obvious animal homologs have
been identified. SIM and the SIAMESE-RELATED (SMR) proteins contain two putative
cyclin-binding motifs: one found in the Kip-related (KRP) class of plant CDK inhibitors, and a
“Cy” motif found in CDK inhibitors, E2F and Retinoblastoma in animals. Accordingly, SIM was
found to associate with D-type cyclins as well as CDKA;1 in vivo. Although no interactions
were detected between SIM and mitotic B-type cyclins, CYCB1;1 is ectopically expressed in sim
mutant trichomes. These findings suggest a role for the SIM family in a pathway controlling the
G2/M transition via interaction with specific CYCD/CDKA;1 complexes that are integral in
regulation of B-type cyclin expression.
SIM proteins are expressed throughout the shoot apical meristem, in leaf primordia, and
in the elongation zone of the root, and are localized to the nucleus. Overexpression of SIM, as
well as the SMRs, in Arabidopsis results in slow-growing, severely dwarfed plants with greatly
enlarged epidermal cells. Nuclei of the enlarged cells have drastically increased DNA contents
resulting from additional endocycles in the absence of mitosis. Both SMR1 and SMR2
overexpressing plants fail to produce an inflorescence before senescence. Preliminary evidence
implicates the SMRs in the conserved TERMINAL FLOWER1/FLOWERING LOCUS T/SELF-

x

PRUNING signaling system that regulates maintenance of the inflorescence apical meristem. We
hypothesize that the SIM family encodes a novel class of plant-specific CDK inhibitors with a
key function in inhibiting mitosis.

xi

CHAPTER 1:
INTRODUCTION
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1.1 Arabidopsis thaliana as a Model Organism
Arabidopsis thaliana, also known as mouse-ear cress, is a member of the Brassicaceae
family of mustards. This small flowering plant has been utilized as a model organism for the
study of plant biology dating back to 1873. It was in that year that the first mutant was described
by Alexander Braun (Braun, 1873; as cited in Meyerowitz, 2001). A. thaliana was originally
discovered by Johannes Thal in 1577 while exploring the plant life of the Hartz Mountains in
northern Germany (Thal, 1577; as referenced in Koncz et al., 1992). The significance of the
species would not be realized for over three and a half centuries when, in 1943, Friedrich
Laibach described its favorable attributes for research and proposed its broad adoption as a
model organism (Laibach, 1943; as cited in Meyerowitz, 2001). But Arabidopsis did not gain
momentum for almost another fifty years after strong promotion of its value for basic plant
research by pioneers in the field, including Maarten Koorneef, Chris Somerville, and Elliot
Meyerowitz; all are now among the most highly cited researchers in the plant sciences
(www.isihighlycited.com). Due to their efforts in the late 1980’s and early 1990’s, reinforced by
the subsequent sequencing of the entire genome (The Arabidopsis Genome Initiative, 2000),
Arabidopsis has been widely adopted as a model for basic research in the plant sciences,
becoming analogous to Drosophila and mouse models for the study of animal systems.
Arabidopsis research has advanced the understanding of nearly all plant biological processes,
including floral development, lipid biosynthesis, photosynthesis, cell fate decisions, and cell
cycle regulation (reviewed in: Mekhedov et al., 2000; Pesaresi et al., 2001; Larkin et al., 2003;
Ainsworth, 2006; Inzé and De VeyIder, 2006). Due to the potential of Arabidopsis as a model
plant and its applications to crop plant research, the National Science Foundation (NSF) initiated
“The Arabidopsis 2010 Project” in 2000, which aims to accomplish the ambitious endeavor of
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identifying the functions of all estimated 25,000 genes in Arabidopsis by the year 2010.
According to a mid-course assessment of the project by the NSF at the end of 2005, a landmark
achievement has been the generation of T-DNA collections of 26,000 sequence-indexed gene
insertion mutants, all of which have been made publicly available as seed stocks. By their best
conservative estimate, these collections provide potential nulls (insertions within exons) for
~70% of the genes in Arabidopsis.
Although not an economically important plant, Arabidopsis offers many important
advantages for conducting basic biological research that many more economically important
plants lack. Perhaps the greatest attribute that this plant lends to scientific study is its small
physical size, which allows for growing many plants in the controlled conditions of a growth
chamber. Also of key importance, particularly for genetic analyses, is the prolific seed
production from each generation and ease of crossing. The lifecycle is relatively short,
approximately 6 weeks from germination to mature seed production. Adding to its advantages is
the small, sequenced genome comprised of only five chromosomes. Mutagenesis and
transformations are relatively easy and provide indispensable tools for genetic studies.
While Arabidopsis is of no agronomic significance, it is closely related to such economically
important crop plants as turnip, cabbage, broccoli, and canola. And even more far reaching as a
plant model, lessons learned from Arabidopsis can be extrapolated to other dicots, as well as
monocots, including major crop plants such as rice, corn, cotton, and potatoes. In a recent search
of the research projects being conducted by the United States Department of Agriculture (USDA;
www.ars.usda.gov), almost 50 projects exploit Arabidopsis as a model system. These projects
include the biofortification of crops, improving plant tolerance to ozone, phytoremediation
potential, disease resistance, and resistance to abiotic plant stressors. Also, transgenic
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Arabidopsis plants have been engineered to produce polyhydroxybutyrate (PHB), a
biodegradable plastic (Poirier et al., 1992; Slater et al., 1999), which led to the implementation
of active research projects at major chemical companies for the development of transgenic crops.
Although the plant and animal scientific communities have evolved almost as independently as
the organisms they study, Arabidopsis research is also beneficial for comparative studies
between plants and animals. Many parallels can be drawn between the two; while most
similarities exist in the housekeeping processes in the nucleus and cytoplasm, more divergence is
seen in many developmental and cell signaling processes (Meyerowitz, 1997). One example of a
somewhat surprising correlation is the discovery of the DE-ETIOLATED (DET) class of
photomorphogenesis regulators in Arabidopsis, which led to the characterization of human
orthologs (hDET) that promote ubiquitination and degradation of the proto-oncogenic
transcription factor c-Jun (Pepper et al., 1994; Wertz et al., 2004). Particularly important for this
body of work, many similarities exist between the underlying processes controlling cell cycle
progression in plants and animals, which will be outlined in section 1.3. For all of these reasons,
Arabidopsis thaliana was chosen as the model organism for the research presented in this
dissertation.

1.2 Arabidopsis Trichomes as a Model System
Arabidopsis trichomes (trichos, Gr. hair) offer a particularly advantageous system for the
study of cellular processes involved in plant development at the single cell level. Trichomes are
epidermal hair-like projections that cover the leaf and stem surface. Each trichome is comprised
of only one cell that is visible even to the unaided eye and has a distinctive three to four
branched morphology that can easily be observed by visualization with a dissecting microscope.
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These important characteristics make it easy to identify plants that have mutations affecting the
development of these specialized single cells.
Adding to the attractiveness of trichomes as a model system is the fact that they are
nonessential for the health of the plant under laboratory conditions, although in nature they
appear to play a role in protection against insect herbivory (Mauricio and Rausher, 1997). Other
proposed roles are that of protection against irradiation of aerial parts of the plant by UV light
(Liakoura et al., 1999) and prevention of desiccation by providing shading for the leaf surface
and lowering leaf temperatures (Klich, 2000; Schreuder et al., 2001). In nature, all of these roles
would affect the survival of the plant, but in the controlled conditions of a growth chamber, they
are not necessary.
For these reasons, combined with the ease of genetic analysis in Arabidopsis, trichome
differentiation is one of the most thoroughly-studied models of plant cell differentiation. Much
is now known about the molecular genetics of the trichome cell fate decision (Larkin et al.,
2003). Study of Arabidopsis trichome development has given insights into the role of the
cytoskeleton in cell expansion as well (Szymanski, 2005). Most importantly for the scope of this
work, trichomes provide a unique system that is beneficial for the study of cell cycle regulation
in plants at the single cell level, and their study has contributed to the understanding of the plant
cell cycle. Their value as a model system has been validated further by the discovery of the
novel class of cell cycle regulators in plants described in this dissertation. Due to functional
redundancy of this class of proteins in other parts of the plant, a loss-of-function phenotype could
only be observed in this specialized cell type, leading to the uncovering of this family in
Arabidopsis, and subsequently in other plants including crop species.
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1.3 The Plant Cell Cycle
One of the most widely studied biological processes to date is the cell cycle, which is
identified as transitions between mitosis and cytokinesis (M), a postmitotic interphase (G1), a
DNA synthesis phase (S), and a postsynthetic interphase (G 2). Producing a multicellular
organism with highly specialized and differentiated tissues through a series of programmed cell
divisions from a starting single cell requires strict regulation. Intricate pathways are in place to
assure the proper passage from one phase to the next. The misregulation of these pathways
controlling cell cycle progression can be catastrophic to an organism, particularly in animals.
Whereas misregulated cell cycle progression causes cancers in animals, plants are much more
tolerant of changes in cell number, cell size, and aberrations in the number of copies of their
genome per cell. Although there are some definite differences between animal and plant cell
cycle regulation, the overall processes are highly conserved. This body of work focuses on the
plant cell cycle, and where pertinent, describes analogies to the animal cell cycle.
The two key phase transitions that are most tightly controlled are the G1 -to-S transition
and the G2 -to-M transition. Oscillations in the activity of serine/threonine kinases, known as
cyclin dependent kinases (CDKs), control these transitions. These kinases are in constant supply
during the cell cycle, but their activity is dependent upon a cyclin (CYC) partner, as their name
implies. The expression of the cyclins changes throughout the different phases of the cycle.
Functional CYC/CDK complexes act as the ultimate gatekeepers of entry into a specific phase by
phosphorylating a myriad of substrates that function during the particular phase. In the plant cell
cycle, D-type cyclins partnered with CDKA;1 are classically thought to control G 1 -to-S, although
roles for CYCD/CDKA;1 complexes have been identified during the other phases, as well
(Mironov et al., 1999; Potuschak and Doerner, 2001). The gatekeepers of the G2 -to-M transition
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are the B-type and A-type cyclins, which partner with both B-type CDKs and CDKA;1 (Mironov
et al., 1999). Unlike CDKA;1, CDKBs act only at G2 /M and are unique to plants (Joubes et al.,
2000). Table 1.1 catalogs the most recent account of cyclins and CDKs in Arabidopsis and the
phase in which they act (illustrated in Figure 1.1), collected from current reviews by Dennis
Francis and Dirk Inzé (Inzé and De VeyIder, 2006; Francis, 2007). In addition to the 29 cyclins
shown in Table 1.1, at least 17 other cyclin-related genes have been identified in Arabidopsis and
classified as types C, P, L, and T; although some have been shown to bind to CDKs, functions in
cell cycle regulation have not been demonstrated (Torres Acosta et al., 2004; Wang et al., 2004).
Interestingly, despite their relatively small genomes, plants have many more cyclins than are
described for other organisms (Vandepoele et al., 2002). For example, in Arabidopsis there are
ten D-type cyclins, whereas in most mammals, including humans, there are only three. Roles
for each of the ten specific CYCDs have not been identified, but various members of this family
likely act, at least in part, in regulating all stages of the plant cell cycle. For instance, some Dtype cyclins show a transcriptional peak at G 2/M (Menges et al., 2005).
The rapid proteolysis of targeted proteins, particularly cyclins, plays a large role in
assuring that the cell cycle is continuous in a unidirectional fashion. At the appropriate times
during phase transitions, proteins specific for a particular phase must be quickly degraded in
order for timely progression to the next step in the cycle. Ubiquitin-mediated degradation of
target proteins requires the concerted action of a series of proteins: a ubiquitin-activating enzyme
E1, a ubiquitin-conjugating enzyme E2, and a ubiquitin ligase E3 that is required for substrate
specificity (Conaway et al., 2002). Two related E3 complexes are involved in cell cycle control,
the anaphase-promoting complex (APC) and the Skp1/Cullin/F-box (SCF)-related complex
(Vodermaier, 2004). Proteolytic signals within the amino acid sequence serve as flags for
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ubiquitination and subsequently protein degradation by the 26S proteasome. A and B-type
cyclins contain a destruction box that serves as such a signal and are degraded via the APC
complex (Genschik et al., 1998). Many other proteins contain PEST domains as proteolytic
signals [regions enriched in proline (P), glutamate (E), serine (S), and threonine (T)] (Rogers et
al., 1986).

Table 1.1 Cyclins and Cyclin-Dependent Kinase Families from Arabidopsis

CDK:
A;1
B1;1
B1;2
B2;1
B2;2
C;1
D;1
D;2
D;3
E
F
G

Cell Cycle PhaseTransition Controlled
or Putative Function:
G1/S and G2
G2/M
G2/M
G2
G2
Regulation of transcription
CDK-activating kinase (CAK)
CAK
CAK
Regulates RNA pol II
CAK
?

Cyclin:
A1;1
A1;2
A2;1
A2;2
A2;3
A2;4
A3;1
A3;2
A3;3
A3;4
B1;1
B1;2
B1;3
B1;4
B2;1
B2;2
B2;3
B2;4
B3;1
D1;1
D2;1
D3;1
D3;2
D3;3
D4;1
D4;2
D5;1
D6;1
D7;1
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Cell Cycle PhaseTransition Controlled
or Putative Function:
G1/S (G2/M)
G1/S (G2/M)
G1/S (G2/M)
G1/S (G2/M)
G1/S (G2/M)
G1/S (G2/M)
G1/S (G2/M)
G1/S (G2/M)
G1/S (G2/M)
G1/S (G2/M)
G2 or G2/M
G2 or G2/M
G2 or G2/M
G2 or G2/M
G2 or G2/M
G2 or G2/M
G2 or G2/M
G2 or G2/M
G2 or G2/M
G0/G1/S
G0/G1/S
G0/G1/S
G0/G1/S
G0/G1/S
G2/M
G2/M
G0/G1/S
G0/G1/S
G0/G1/S

Figure 1.1 Key Regulators of the Cell Cycle Arrows indicate activation; flat-headed lines
indicate inhibition.

The primary role of CYCD/CDKA;1 complexes at the G 1 -to-S transition in plants is the
hyperphosphorylation of the retinoblastoma-related (RBR) protein (Boniotti and Gutierrez, 2001;
Nakagami et al., 2002). In the unphosphorylated state, RBR binds to and represses the E2F
family of transcription factors, which dimerize with a partner (DP) to control the expression of
the plethora of genes necessary for entry into S-phase, successful execution of DNA replication,
and cell cycle progression (De Veylder et al., 2002; Gutierrez et al., 2002; Castellano et al.,
2004; Wildwater et al., 2005). Upon phosphorylation by CYCD/CDKA;1 complexes, RBR’s
repressive hold on E2F is released, and the cell cycle can progress to S phase (Ach et al., 1997;
Boniotti and Gutierrez, 2001; Gutierrez et al., 2002; Nakagami et al., 2002). Exact functions
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elsewhere in cell cycle stages for CYCD/CDKA;1 complexes are not fully known. In this work,
I propose a role for these complexes during G2 to ultimately regulate entry into mitosis.
Besides the presence of a cyclin partner, CDK activity is regulated by changes in
phosphorylation state caused by several activating and inhibitory kinases. Phosphorylation by a
CDK-activating kinase (CAK) induces a conformational change in the CDK to allow the proper
recognition of substrates. Arabidopsis has four CAKs, categorized as CDKD and CDKF
(Umeda et al., 1998; Umeda et al., 2005). WEE1 kinases and CDC25 phosphatases are fairly
well described in yeast and mammals as antagonistic proteins that regulate CDK activity at the
G2-M boundary. WEE1 kinases inhibit CDKs by phosphorylating them on Tyr-15 or Thr-14
near their ATP binding sites and are required to maintain their inhibition in response to DNA
damage checkpoint signaling (Berry and Gould, 1996; Rhind and Russel, 2001). CDC25 dualspecificity phosphatases remove the inhibitory phosphate groups on Tyr-15 or Thr-14 to mediate
the rapid activation of CDK activity at that checkpoint (Millar et al., 1991; Berry and Gould,
1996). In Arabidopsis, a WEE1 kinase has been identified and described as playing an inhibitory
role only in response to DNA damage, but is not required for the normal cell cycle (Sorrell et al.,
2002; De Schutter et al., 2007; Eckardt, 2007). However, no CDC25 phosphatase gene could be
identified (Vandepoele et al., 2002). Since CDC25 phosphatases are crucial to entry into mitosis
in yeast and animals, their absence in plants seems peculiar. DeVeylder and colleagues propose
a hypothesis that the emergence of the plant-specific B-type CDKs and the disappearance of
CDC25 are associated; the CDC25-controlled onset of mitosis might have been evolutionarily
replaced by a B-type CDK-dominated pathway, eventually resulting in the loss of the CDC25
phosphatase gene (Boudolf et al., 2006).
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Another class of proteins that play a key role in regulating the activities of CYC/CDK
complexes are the cyclin-dependent kinase inhibitors (CKIs). In plants, only one class of CKIs
has been previously described, whereas in animals there are two, the Inhibitors of CDK4 or
INK4 (p15 INK4b, p16 INK4a, p18 INK4c , and p19 INK4d), named for their ability to specifically inhibit
the catalytic subunits of CDK4 and CDK6 (Serrano et al., 1993), and the Cip/Kip proteins
(p21Cip1, p27Kip1 , and p57 Kip2) that act more broadly inhibiting, and sometimes positively
regulating, several G1 -specific CDKs (Sherr and Roberts, 1995, 1999). In plants, the KipRelated Proteins (KRP) were the first described CKI family and were named so because they all
contain a C-terminal domain that is similar in sequence to a conserved domain found in the
mammalian Cip/Kip proteins (De Veylder et al., 2001). Despite the limited sequence similarity
with their mammalian counterparts, KRPs have been shown to be true functional homologs of the
Kip/Cip proteins in inhibiting CDK activity both in vitro and in vivo (Wang et al., 1997; Wang et
al., 1998; Wang et al., 2000; De Veylder et al., 2001; Zhou et al., 2002). Two founding
members of this family were identified by a yeast 2-hybrid screen for CDKA-interacting
proteins, and were thus named Interactors of Cdc2 Kinase (Wang et al., 1997). The family is
now referred to as the ICK/KRP class of proteins (Wang et al., 1997; Wang et al., 1998; De
Veylder et al., 2001). There are a total of seven ICK/KRP proteins in Arabidopsis, the first two
members are called ICK1/KRP1 and ICK2/KRP2. However, the remaining family members are
simply called KRP3 through KRP7. All seven interact with CYCD1, CYCD2, and CYCD3 type
cyclins and specifically inhibit CDKA;1 (Wang et al., 1997; Wang et al., 1998; De Veylder et
al., 2001; Zhou et al., 2002). Some reports suggest that some KRPs interact with CDKB, as well
(Nakai et al., 2006; Pettko-Szandtner et al., 2006). Arabidopsis plants overexpressing KRPs
display a reduction in cell number and increased cell size, resulting in small, serrated mature
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leaves (Wang et al., 2000; De Veylder et al., 2001). The enlarged cells of KRP-overexpressing
leaves have decreased DNA contents, demonstrating a clear role for the KRPs in inhibiting the
G1-to-S transition (De Veylder et al., 2001). Co-overexpression of a D-type cyclin can
complement the KRP-overexpression phenotype (Schnittger et al., 2003; Zhou et al., 2003). In
this body of work I describe a novel class of putative plant CKIs involved in controlling entry
into mitosis by inhibitory associations with CYCD/CDKA;1 complexes.

1.4 The Endocycle
During differentiation, certain cell types go through an alternate version of the cell cycle,
where nuclear DNA is doubled in the absence of a subsequent cell division; hence the cell
progresses directly from G2 to G1, skipping mitosis (Figure 1.2). This phenomenon is known as
endoreplication, or endoreduplication. This endocycling leads to nuclear DNA contents higher
than 2C. Endoreplication is very common in plants and occurs in many tissues and cell types,
including Arabidopsis epidermal cells, which average 4-8 C per nucleus (Barlow, 1978;
Galbraith et al., 1991; Melaragno et al., 1993; Gendreau et al., 1997). Although endoreplication
occurs in animals, it is not as prevalent. It is most well-studied in Drosophila, where it occurs in
most larval tissues, including salivary glands (Orr-Weaver, 1994). In mammals, this process
takes place in liver cells and megakaryocytes, which are derived from hematopoietic stem cells
in blood marrow and fragment to produce platelets (Angchaisuksiri et al., 1994).
Mechanistically, endocycles require oscillations of G1/S CDK activity to allow relicensing of replication origins between each round of DNA replication, coupled with inhibition
of mitosis due to the absence of G2/M phase CDK activity (Edgar and Orr-Weaver, 2001;
Larkins et al., 2001). Thus, endoreplication typically requires CYCD/CDK complexes, but not
CYCB/CDK complexes. While the mitotic cell cycle produces daughter cells of relatively

12

constant size with each round of the cycle, repeated endocycles result in a single very large cell
with an enlarged nucleus.
The nuclear DNA content of endoreplicated cells is often correlated with cell size, and
endoreplication is commonly associated with very large or metabolically active cells (Melaragno
et al., 1993). Although the function of endoreplication is not clearly understood, it is generally
assumed that the extra genome copies are necessary to support the greater volume of cytoplasm
in larger cells, or that the suppression of mitosis, in combination with the coupling of the cell
cycle to cell growth, provides a developmental route to the production of large cells when they
are favored by natural selection (Edgar and Orr-Weaver, 2001; Larkins et al., 2001).

Figure 1.2 Endoreplication is an Alternate Version of the Mitotic Cell Cycle

1.5 The Endocycle in Trichomes
Trichomes are among those cell types in plants that undergo endoreplication. Typically
in mature trichomes, DNA contents of 16-32C are observed as a result of three to four rounds of
endoreplication (Melaragno et al., 1993; Hulskamp et al., 1994). Investigation of known cell
cycle genes in trichomes has contributed to our understanding of endoreplication in trichomes,
and regulators of the G1/S transition play a key role in this process (Table 1.2). Co13

overexpression of E2Fa and DPa increases the DNA content of endoreplicating cells, including
trichomes (De Veylder et al., 2002). In contrast, in mitotically dividing tissues, the number of
cells increases, suggesting that increased amounts of E2Fa-DPa promote the type of cell cycle
that has already been programmed by other factors (De Veylder et al., 2002). Given that these
heterodimers function in the activation of S-phase specific genes, co-overexpression of E2Fa and
DPa promotes increased expression of many factors associated with DNA replication, including
DNA polymerase α, CDT1, and CDC6 (De Veylder et al., 2002). Upregulation of these genes in
E2Fa/DPa-overexpressing plants leads to the extra rounds of DNA replication in either
endoreplicating or mitotically dividing cells. Thus, not surprisingly, overexpression of CDC6 or
CDT1, both involved in the licensing of replication origins, results in a similar phenotype:
increased division in cell lineages that divide mitotically, and increased endoreplication in
lineages that normally endoreplicate, including trichomes (Castellano et al., 2004). The
observation that overexpression of E2Fa/DPa target genes can lead to increased endoreplication
indicates that in Arabidopsis, E2Fa and DPa can regulate endoreplication at least in part by their
role as positive regulators of S-phase genes.
This conclusion is supported by the recent observation that disruption of the function of
the Arabidopsis retinoblastoma homolog, RBR, results in increased endoreplication in trichomes,
increased endoreplication throughout the leaf, and increased proliferation of mitotically dividing
cells (Desvoyes et al., 2006). The loss of RBR function mimics the phenotype of E2F/DP
overexpression, where E2F/DP targets such as CDC6, CDC, and ORC subunits are activated in
these plants. Thus, inactivation of RBR appears to function via activating E2F/DP heterodimers,
thereby activating E2F/DP target genes. As a result, cells that are already endoreplicating,
including trichomes, exhibit increased levels of endoreplication, while cells that are still in the
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mitotic cycle undergo more divisions. Taken together, these observations indicate that regulation
of the RBR/E2F/DP switch at the G1/S transition controls the degree of mitotic division or
endoreplication, but as proposed by De Veylder and coworkers (De Veylder et al., 2002), the
switch between these two alternate versions of the cell cycle clearly must lie elsewhere.
Genes encoding subunits of topoisomerase IV comprise another class of genes that have a
role related to DNA replication that affect endoreplication. Mutations in these genes result in
reduced endoreplication levels. Thus, loss-of-function mutations in the topoisomerase IV
subunit genes ROOTHAIRLESS2 (RHL2), HYPOCOTYL6 (HYP6), and ROOTHAIRLESS1
(RHL1) result in dwarf plants with small trichomes that have reduced endoreplication levels
throughout the plant, including in trichomes (Hartung et al., 2002; Sugimoto-Shirasu et al., 2002;
Yin et al., 2002). Topoisomerase IV is apparently not necessary for DNA replication in the
mitotic cell cycle, which presumably requires a different topoisomerase. Topoisomerase IV has
been hypothesized to be required for resolving entangled chromatids during endoreplication
(Sugimoto-Shirasu et al., 2002; Sugimoto-Shirasu et al., 2005).
Several other proteins have been implicated as negative regulators of endoreplication in
trichomes (Table 1.2). One notable class of inhibitors is the ICK/KRP family of CDK inhibitors
(Wang et al., 1997; De Veylder et al., 2001). Overexpression of ICK1/KRP1 from the trichomespecific GL2 promoter (pGL2) results in a decrease in nuclear DNA content to approximately
8C, eliminating two rounds of endoreplication, and the trichomes are reduced in size and have
fewer branches (Schnittger et al., 2003). Previous work indicated that ICK1/KRP1 interacts in a
yeast two-hybrid assay with CDKA;1 and CYCD3;1 (Wang et al., 1998). Expression of CDKA;1
and CYCD3;1 from the pGL2 promoter could rescue the reduced-branching phenotype of
pGL2:ICK1/KRP1 plants, but expression of CDKB;1, CYCB1;2, or CYCD4;1 could not rescue
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the phenotype (Schnittger et al., 2003). These results are consistent with the yeast two-hybrid
results, and indicate that ICK1/KRP1 likely regulates endoreplication by interacting with
CDKA;1 and specific D-cyclins, but not by interaction with CDKB or mitotic B-cyclins. It
should be noted that while CDKA;1 appears to be expressed in trichomes, CYCD3;1 is not
expressed in trichomes (Schnittger et al., 2002a), and ICK1/KRP1 has never been shown to be
expressed in trichomes. Also, the most dramatic results in these studies were obtained from
overexpression of the ICK1/KRP1109 deletion allele, although results from overexpression of the
wild-type ICK1/KRP1 protein were generally similar. Thus, while these results give insight into
how endoreplication could be regulated, they do not demonstrate the regulatory mechanism that
actually occurs in developing trichomes. However, there are multiple ICK/KRP proteins and
multiple D-type cyclins that may be expressed in trichomes, and this work provides some of our
strongest hints regarding the regulation of endoreplication.
The trichome-specific overexpression of ICK1/KRP1 has given another unexpected
insight about the factors controlling endoreplication. The epidermal cells immediately
neighboring the trichomes were increased in size by more than ten-fold, as estimated from their
surface area in these plants (Weinl et al., 2005). These cells also exhibit greatly increased DNA
contents, indicating that while overexpression of ICK1/KRP1 in developing trichomes results in
reduced endoreplication, endoreplication in the cells neighboring an overexpressing trichome is
increased.
Recently, a role for CYCA2;3 in endocycling during trichome development has been
uncovered. Aoyama and colleagues noticed that a CYCA2;3 promoter-GUS reporter gene fusion
was expressed in trichomes towards the end of the branch initiation phase, but not in newly
initiated or mature trichomes (Imai et al., 2006). Based on this expression pattern, they
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hypothesized that CYCA2;3 might function in the termination of endoreplication. This was
confirmed by showing loss of CYCA2;3 function results in increased DNA contents and
branching in trichomes, and increased DNA contents in endoreplicated leaf cells. Additionally,
expression of a CYCA2;3 gene with a mutation in the destruction box repressed endoreplication,
and CYCA2;3 was shown to interact with CDKA;1 in an in vivo pulldown experiment. Of all
the known cell-cycle regulators affecting trichome endoreplication levels, CYCA2;3 is the only
one for which there is good evidence that it is expressed in trichomes in a functional way with
respect to its role in the process. However, the evidence for transcription of the gene in
developing trichomes is based solely on a reporter gene construct; demonstration of transcripts in
trichomes by in situ hybridization would provide stronger evidence for the timing of expression
relative to the end of endoreplication.
In this body of work, a novel gene involved in controlling endoreplication, SIAMESE
(SIM), is described. Identification and characterization of SIM reveals a critical role in the
differential regulation between the mitotic cell cycle and endoreplication. The most obvious
timing of cell decision to divide or endocycle would be sometime during G 2, where all of the
appropriate factors must be in place for either the successful transition into M-phase or for the
transition directly back to G1. As the major gatekeepers of the G 2 -to-M transition, ultimate
regulation of B-type cyclins likely dictates the commitment of a cell to divide, or not to divide.
As revealed in the work presented here, SIM acts, in part, as a key regulator upstream of B-type
cyclins in the signaling of trichomes to endocycle, rather than commit to mitosis.
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Table 1.2 Genes Affecting the Cell Cycle During Trichome Development.

Gene
RBR

Gene Product
Function
Rb-related

Genetic
Effect on Trichome
Manipulation
Cell Cycle
RepA inhibition Increased DNA

Reference__
1

E2Fa/DPa
CDC6

TF
Replic. Licensing

p35S OE
p35S OE

Increased DNA
Increased DNA

2
3

CDT1
RHL1

Replic. Licensing
Topo IV

p35S OE
LOF

Increased DNA
Decreased DNA

3
4

RHL2
Topo IV
HYP6
Topo IV
ICK1/KRP1 CDK inhibitor

LOF
LOF
pGL2 OE

Decreased DNA
Decreased DNA
Decreased DNA, Cell death

5
6
7

CYCA2;3
SIM

LOF;OE
LOF

Increased;Decreased DNA
Trichome cell division

8
9

A-cyclin
Unknown

CYCB1;2
B-cyclin
pGL2 OE
Trichome cell division
10
CYCD3;1
D-cyclin
pGL2 OE
Trichome cell division
11______
Abbreviations: TF= transcription factor, LOF= loss-of-function, Topo IV= Topoisomerase IV,
p35S OE= overexpression from the CAMV 35S promoter, Replic.= replication, pGL2 OE=
overexpression from the trichome-specific GLABRA2 promoter. References: 1, (Desvoyes et
al., 2006); 2, (De Veylder et al., 2002); 3, (Castellano et al., 2004); 4, (Sugimoto-Shirasu et al.,
2005); 5, (Hartung et al., 2002); 6, (Sugimoto-Shirasu et al., 2002); 7, (Schnittger et al., 2003);
8, (Imai et al., 2006); 9, (Walker et al., 2000); 10, (Schnittger et al., 2002b); 11, (Schnittger et
al., 2002a).
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CHAPTER 2:
SIAMESE, A PLANT-SPECIFIC CELL CYCLE REGULATOR
CONTROLS ENDOREPLICATION ONSET IN ARABIDOPSIS THALIANA1
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2.1 Introduction
Cell differentiation is closely coordinated with cell cycle progression. In the simplest
case, the cell cycle arrests concomitant with the onset of differentiation, but in many cell
differentiation pathways, alternative versions of the cell cycle occur along with differentiation.
One example is the altered division potential of transient amplifying cells, which are restricted in
both their developmental potential and the number of times they can divide, relative to the
undifferentiated and essentially immortal stem cells from which they derive (Watt and Hogan,
2000). Another example, common in both plants and animals, is the amplification of nuclear
DNA by endocycles that continues during differentiation of many cell types, a process called
either endoreplication or endoreduplication (Edgar and Orr-Weaver, 2001). The coordination of
these modified cell cycles with differentiation remains poorly understood.
The regulation of cell cycle transitions in plants is similar to that of animals (De Veylder
et al., 2003; Dewitte and Murray, 2003). Transitions between stages in the cell cycle are
controlled by a class of serine/threonine kinases known as cyclin-dependant kinases (CDKs). As
suggested by their name, the kinase activity of CDKs depends on their association with a
regulatory cyclin (CYC) protein. Cell cycle progression is regulated by periodic expression of
cyclins and their ubiquitin-mediated proteolysis, and by the phosphorylation of a variety of
targets by CDK/cyclin complexes. The G1/S transition is regulated by phosphorylation of the
retinoblastoma-related protein (RBR) by a CDKA/CYCD complex. The G2/M transition most
likely requires both A-type and B-type CDKs, as well as CYCA and CYCB proteins, to form
mitotic CYC/CDK complexes (De Veylder et al., 2003; Dewitte and Murray, 2003).
Cell cycle progression is also regulated by inhibitor of CYC/CDK complexes. The only
plant CDK inhibitors identified to date are a family of proteins distantly related to the Kip family
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of animal CDK inhibitors; these proteins are known as Kip-related proteins (KRPs) (De Veylder
et al., 2001) or Interactors of Cdc2 kinases (ICKs) (Wang et al., 1997). ICK/KRP proteins are
generally thought to interact with CDKA and CYCDs (Wang et al., 1998; De Veylder et al.,
2001), although two recent reports indicate that some family members may interact with CDKB
as well (Nakai et al., 2006; Pettko-Szandtner et al., 2006). ICK/KRP proteins can inhibit CDKassociated histone H1 kinase activity in vitro or in vivo (Wang et al., 1997; Wang et al., 1998).
Overproduction of these proteins in transgenic plants suppresses cell proliferation while
increasing the length of the cell cycle and cell size, resulting in smaller plants with serrated
leaves (Wang et al., 2000; De Veylder et al., 2001). ICK/KRP-overexpression differentially
affects DNA content depending on the level of overexpression. Weak overexpression increases
DNA content, while strong overexpression decreases DNA content (Verkest et al., 2005; Weinl
et al., 2005). Together, these results suggest concentration-dependent roles for ICK/KRPs in
blocking the G1-S cell cycle, as well as blocking entry into mitosis, but allowing S-phase
progression.
During endoreplication cycles (endocycles), nuclear DNA is replicated without
cytokinesis, resulting in cells with a DNA content greater than 2C. In angiosperms,
endoreplication is particularly common and occurs in a wide variety of tissues and cell types,
including agriculturally important tissues, such as maize endosperm and cotton fibers (Kowles
and Phillips, 1985; Van’t Hof, 1999). Often, there is a correlation between the final volume of a
differentiated cell and its DNA content (Melaragno et al., 1993; Hulskamp et al., 1994; Vlieghe
et al., 2005). It is generally assumed that the function of endoreplication is gene amplification to
supply the gene expression needs of large cells, but other explanations have been suggested
(Nagl, 1976; Barlow, 1978). The primary functional features of the endocycle appear to be the
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absence of G2/M phase CDK activity, preventing mitosis, coupled with oscillations of G1/S
CDK activity to allow re-licensing of replication origins between each round of DNA replication
(Larkins et al., 2001). In maize endosperm, biochemical evidence has been obtained for two
separable endoreplication-promoting factors: an activity inhibiting mitosis and an increase in S
phase-related protein kinase activity (Grafi and Larkins, 1995). The switch to endoreplication
appears to involve downregulation of expression of CYCAs, CYCBs, and CDKB, and activation
of the Anaphase Promoting Complex, which targets mitotic cyclins for degradation (review in
Dewitte and Murray, 2003; Inzé, 2005).
The shoot epidermal hairs (trichomes) of Arabidopsis thaliana are now well established
as a model for the study of the plant cell cycle and cell differentiation. These trichomes are
specialized branched single cells that extend out from the epidermis. During differentiation,
trichome nuclei undergo endoreplication, resulting in a nuclear DNA content of 16C-32C
(Melaragno et al., 1993; Hulskamp et al., 1994). Mutations exist that either increase or decrease
the nuclear DNA content (Perazza et al., 1999); these include KAKTUS (KAK), GLABRA3
(GL3), and TRIPTYCHON (TRY), which encode a HECT-class ubiquitin E3-ligase (El Refy et
al., 2004), a basic helix-loop-helix transcription factor (Payne et al., 2000), and an inhibitory
Myb transcription factor, respectively (Hulskamp et al., 1994). Recessive mutations in the
SIAMESE (SIM) gene of Arabidopsis have a unique cell cycle-related phenotype, the production
of multicellular trichomes, the individual nuclei of which have reduced levels of endoreplication
(Walker et al., 2000). These observations suggest that SIM is required to suppress mitosis as part
of the switch to endoreplication in trichomes.
In this study, we report that SIM encodes a 14kD protein that is part of a small
Arabidopsis gene family comprised of four members. Homologs exist in other dicots and in
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monocots, although no obvious animal homologs have been identified. These proteins share one
motif with the ICK/KRP cell cycle inhibitor proteins and have a potential cyclin-binding motif.
We identified protein-protein interactions between SIM and D-type cylins, as well as CDKA;1.
SIM overexpression in transgenic plants results in small plants with serrated leaves containing
enlarged cells with increased levels of nuclear DNA. Taken together, the SIM loss-of-function
and gain-of-function phenotypes clearly point to an integral role for SIM in regulation of
endoreplication.

2.2 Isolation of the SIM Gene
Wild-type trichomes are unicellular and occur singly on the leaf (Figure 2.1A). Three
independent recessive sim mutant alleles have an essentially identical mutant phenotype of
frequent multicellular trichomes and clusters of adjacent trichomes (Figure 2.1B,C). The sim-1
mutation was mapped to a region of approximately 407 kb on chromosome five. Two markers
located 66.5 kb apart on the overlapping BAC clones T32M21 and T19N18 showed no
recombination in 1088 F2 chromosomes. Further attempts to reduce the genetic interval were
unsuccessful. The sim-2 allele originated in a T-DNA insertion population (Campisi et al.,
1999). One of the two inserts present in the original sim-2 T-DNA line showed linkage between
the sim mutant phenotype and to both kanamycin resistance and GUS expression from an
enhancer trap contained in the T-DNA. The right border of this T-DNA was obtained by adaptor
PCR and shown by DNA sequencing to be positioned 1189 base pairs upstream of the coding
region of the gene At5g04470, a gene located on the T32M21 BAC clone. The left border was
located 1461 base pairs downstream, within the At5g04470 coding region, resulting in a deletion
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Figure 2.1 sim Loss-of-function Phenotype. (A) SEM of a wild-type trichome. (B) SEM of sim
mutant trichome. Arrows indicate cell junctions. (C) Light micrograph of sim loss-of-function
phenotype. (D) Complementation of sim loss-of-function phenotype by pGL2:SIM. (E)
Complementation of sim loss-of-function phenotype by At5g04470 genomic fragment.(F) GUSstaining pattern of sim-2 enhancer trap.(G) pCYCB1;1:GUS expression in sim mutant trichomes.
Bars in (A) and (B) = 200µm
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of these upstream sequences and the first 272 base pairs of the At5g04470 coding region (Figure
2.2A). Sequencing of this gene for the original sim-1 allele revealed a point mutation changing
the putative At5g04470 start codon from ATG to ATA, and a third allele, sim-3, contained a
C T mutation, resulting in a proline to serine amino acid change at position 36 (Figure 2.2A).
In RT-PCR experiments, At5g04470 transcripts were detected in wild-type developing leaves,
but not in RNA isolated from the sim-2 deletion allele (Figure 2.3). Finally, the sim-1 mutant
phenotype was rescued by the At5g04470 coding region under control of the trichome-specific
GL2 promoter (Figure 2.1D) and by a genomic DNA fragment including 2870 bp upstream of
the At5g04470 start codon, the entire coding region, and 250 bp downstream of the stop codon
(Figure 2.1E). Taken together, these results established that At5g04470 is the SIM gene, and that
sim-1 and sim-2 are likely to be amorphic alleles.
Conceptual translation of the open reading frame reveals that SIM encodes a 14 kD
protein of unknown function. The SIM gene family of Arabidopsis contains at least four
members, and homologs exist in other plant species, including both monocots and dicots (Figure
2.2B). Although SIM has no overall similarity with proteins of known function, several
conserved motifs give clues as to its function. Motif 4 of the SIM family is similar to motif 3 of
the CDK-inhibitory ICK/KRP proteins (De Veylder et al., 2001). Motif 3 of the SIM family
(Figure 2.2B) is a putative cyclin-binding motif known as the “Cy” or “zRxL” motif, where Z is
basic or cysteine, and X is usually a basic residue. This motif is implicated in binding of some
CDK inhibitors, E2F and RB to CYCA, CYCE, and CYCD/CDK complexes (Adams et al.,
1996; Wohlschlegel et al., 2001). Motif 1 and motif 2 show no obvious similarity to any
domains with known functions, although the motif 1 residue P36, mutated to serine in sim-3, is
conserved in all of the homologs. SIM (amino acids 26-40), SMR2 (amino acids 32-46), SMR3
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Figure 2.2 SIM Encodes a Small Protein of Unknown Function Defining a Small Gene
Family in Arabidopsis and Other Plants. (A) The SIM locus (At5g04470). Sequence changes
in mutant alleles are indicated; the sim-2 gene contains an insertion of the pD991 enhancer trap
T-DNA that deletes 1461 bp, including 272 bp of coding sequence and 1189 bp of upstream
sequence. simL and simR indicate the primers used for RT-PCR.(B) Alignment of conceptual
translation of SIM reading frame and related plant proteins. The regions numbered 1-5 denote
conserved domains referred to in the text. (Plant species abbreviations: “Sl” = Solanum
lycopersicum Mill.; “St” = Solanum tuberosum L.; “Zm” = Zea mays L.; “Os” = Oryza sativa L.;
“Pt” = Populus tremula L.; “Gm” = Glycine max Merr.) (C) Similarity between SIM and D-type
cyclin binding domain of ICK/KRPs.
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(amino acids 33-44), Zm SMR2 (amino acids 98-109), and Gm SMR (amino acids 21-33) also
have PEST domains (PESTfind scores

+6.96) enriched in proline (P), glutamate (E), serine (S),

and threonine (T) residues that often serve as proteolytic signals (Rogers et al., 1986). In
addition, SMR1 contains a consensus CDK phosphorylation site (S/TPXK/R) at residues 16 -19.

Figure 2.3 At5g04470 is Not Expressed in sim-2 Plants. RT-PCR using cDNA generated from
RNA from either wild-type (ecotype WS, the parent of the sim-2 mutation) or sim-2 rosettes.
Left: RT-PCR using primers within the portion of the At5g04470 gene deleted in the sim-2
allele, which are shown as small black arrows in Figure 2.2A. Right: A control PCR using
HISTONE H4 primers.

2.3 SIM and SMR Yellow Fluorescent Protein Fusions are Nuclear Localized
To determine the sub-cellular localization of the SIM protein, a 35S:EYFP:SIM gene
construct was introduced via biolistic bombardment directly into leaf epidermal cells of
Arabidopsis. EYFP alone is cytoplasmically localized (Figure 2.4A), while an EYFP fusion to
the transcription factor TGA5 is nuclear localized (Figure 2.4B). EYFP:SIM expression was
detected in nuclei (Figure 2.4C). The sub-cellular localizations of the SMRs from Arabidopsis
were also determined using biolistic bombardment of EYFP fusions into epidermal cells. In all
instances, the proteins were localized to nuclei. (Figure 2.4D-F).
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Figure 2.4 SIM Family Localizes to the Nucleus. Expression of EYFP fusion constructs in
leaves was examined after introduction by biolistic bombardment of the DNA. (A) EYFP alone,
cytoplasmically localized (B) EYFP:TGA5, TGA5 is a nuclear-localized trancription factor
(Zhang et al., 1993; Kato et al., 2002),(C) EYFP:SIM, (D) EYFP:SMR1, (E) EYFP:SMR2, (F)
EYFP:SMR3. Bars in (A-F) = 18.75 µm; arrows indicate nuclei.

2.4 SIM Interacts with D-type Cyclins and CDKA;1 in Vivo and Regulates
CYCB1;1 Expression
The presence of ICK/KRP-like domains and the Cy motif within the SIM protein
suggested that it might associate with cyclins. To test this hypothesis, an ECFP:SIM fusion
protein was transiently expressed in the leaf epidermal cells of Arabidopsis, along with 35S:YFP
fusion proteins of several different core cell cycle proteins. Subsequently, protein-protein
interaction in the co-transformed leaves was analysed by the acceptor bleaching Fluorescence
Resonance Energy Transfer (FRET) method. As a positive-control FRET protein pair, an
Arabidopsis transcription factor TGA5 (At5g06960), whose self-interaction in plants was
previously detected by FRET analysis (Cheng et al., 2003) was used. As a negative-control, the
28

non-interacting LexA-NLS (a bacteria protein fused to SV40 T-antigen nuclear localization
signal) and TGA5 proteins were used (Kato et al., 2002). As an additional negative control,
ECFP:SIM was tested for interaction with EYFP:LexA-NLS (Table 2.1).

Table 2.1 SIM Protein-Protein Interactions Determined by FRET
Donor
Acceptor
(CFP fusion) (YFP-fusion) FRET Efficiency(%)a
nb
pc
Interaction?__
TGA5
TGA5
17.75
10
<0.0001
Y
TGA5
LexA-NLS
1.10
10
1.00
N
SIM
LexA-NLS
0.79
10
0.93
N
SIM
CDKB1;1
2.16
10
0.64
N
SIM
CYCA2;2
2.90
10
0.43
N
SIM
CYCB2;1
2.01
15
0.52
N
SIM
CDKA;1
21.91
10
0.0003
Y
SIM
CYCD2;1
14.81
11
0.0003
Y
SIM
CYCD3;2
13.22
10
0.019
Y
SIM
CYCD4;1
17.70
10
0.012
Y
SMR2
CYCD2;1
27.43
10
0.0005
Y_____
a
The Acceptor Photobleaching method was used to determine the FRET efficiency (see materials
and methods).
b
Number of nuclei analyzed.
c
Student’s t-tests were performed for each data set. P indicates the statistical significant
difference between each data set and the negative control values.

We observed that SIM interacted with the D-type cyclins CYCD2;1, CYCD3;2, and
CYCD4;1, and with CDKA;1 (Table 2.1). By contrast, no significant association was observed
between SIM and any of the A or B-type cyclins tested, nor with the B-type CDK, CDKB1;1
(Table 2.1). One homolog, SMR2, was shown to interact with CYCD2;1, demonstrating that
another SIM family member also associates with a D-type cyclin.
B-type cyclins are required for mitosis, and are not normally expressed in wild-type
trichomes (Schnittger et al., 2002a). To determine whether B-type cyclins are expressed in sim

29

mutant trichomes, a CYCB1;1:GUS fusion gene including the CYCB1;1 promoter and the Nterminal portion of the coding region that encodes the cyclin destruction box was introduced into
sim plants by crossing. This fusion is thought to mimic the expression pattern of CYCB1;1, and
has been used in other studies to identify G2/M cells (An Colo An-Carmona et al., 1999). We
detected β-glucuronidase expression in a fraction of developing sim trichomes (Figure 2.1F),
presumably those in G2/M, suggesting that CYCB1;1 is ectopically expressed in these cells. No
GUS expression was seen in >1000 trichomes of wild-type plants containing this construct.

2.5 SIM Family Expression in Plants
The existence of ESTs, as well as our RT-PCR data, indicate that SIM is expressed.
Random Amplification of cDNA Ends (RACE) and sequencing of RT -PCR-derived cDNA was
used to confirm the annotated transcript from public data bases. 5' RACE indicates that the 5'
terminus of the SIM transcript lies at chromosomal position 1267369 on chromosome five, 92
base pairs upstream of the start codon. 3' RACE indicates that the 3' terminus of this mRNA lies
217 base pairs downstream of the stop codon at chromosomal position 1266668. Sequencing of
the complete PCR-amplified cDNA confirmed that, as annotated, the gene contains no introns.
Tissue-specific expression of the SIM family was analyzed using quantitative RT-PCR.
As can be seen in Figure 2.5A, all family members are expressed to some degree in all tissues
examined: roots, stems, flowers, siliques, and rosettes. Although sim mutants have no obvious
root phenotype (Walker et al., 2000), SIM expression is particularly strong in root tissue (Figure
2.5A). While the overall expression pattern of the four genes is quite similar at this whole-tissue
level, the relatively high expression level of SMR1 in all inflorescence tissue (stem, unopened
flowers, and silique, Figure 2.5A) is notable. In situ hybridization to shoot apices shows that
SIM is expressed throughout the shoot apical meristem and in leaf primordia (Figure 2.6),
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including developing trichomes (Figure 2.6A, closed arrows), and in procambial strands and
developing vasculature (Figure 2.6A, open arrows).

Figure 2.5 Expression of SIM Gene Family in Various Arabidopsis Tissues. (A) Absolute
quantification of SIM family transcript levels by quantitative RT-PCR. (B) Increase of SIM
transcript levels in response to increasing levels of GL3 function. Expression of SIM transcripts
in leaves of a gl3 egl3 line that lacks GL3 function, a Columbia wild-type line with normal GL3
function, and a line over-expressing GL3 was compared by quantitative RT-PCR. The values
shown represent averages of three separate biological replicates ± SD.

Figure 2.6 Expression Pattern of SIM. In situ RNA hybridizations to longitudinal sections of
the shoot apex probed with DIG-labeled single-stranded (A) anti-sense SIM, (B) sense probe of
C. richardii gene of unknown function (accession # CV735270). Closed arrow indicates a
developing trichome. Open arrows indicate procambial strands and developing vasculature. Bars
in (A-B) = 200 µm.
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As mentioned above, sim-2 mutants carry an insertion at the SIM locus that includes a
GUS enhancer trap. The sim-2 mutants exhibit GUS expression in both developing and mature
trichomes, as well as in stipules (Figure 2.1F). Strong expression is also seen in the vasculature
of both the aerial organs and the root (Figure 2.7). The relatively trichome-specific expression of

Figure 2.7 GUS Expression in sim-2 Plants. (A) a whole young plant (B) developing and mature
trichomes (C) stipules (D) cotyledon (E) root (F) root tip

the enhancer trap in developing leaves suggested that a trichome-specific enhancer was located
either upstream or downstream of the SIM coding region. To test more directly whether some
aspects of SIM expression were under the control of the trichome developmental pathway, we
took advantage of Arabidopsis strains expressing various levels of function of the key trichome
development transcription factor GLABRA3 (GL3) (Payne et al., 2000; (Zhang et al., 2003).
Plants doubly mutant for gl3 and its functional duplicate egl3 lack GL3 function and produce no
trichomes, while the GL3OE line used here over-expresses the GL3 transcript and produces a
greater number of larger, extra-branched trichomes. Thus, genes that are specifically expressed
during trichome development should therefore show little or no expression in gl3 egl3 mutants,
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and increased expression in the GL3OE line. SIM transcript levels increase with increasing GL3
function, suggesting that SIM expression is at least partially under direct or indirect control of
GL3 (Figure 2.5B).

2.6 Plants Overexpressing SIM Have Greatly Enlarged Cells
To investigate the biological role of SIM in plant development, transgenic plants
expressing SIM ectopically from the Cauliflower Mosaic Virus 35S promoter were produced.
Six transgenic lines containing the 35S:SIM construct were generated. Plants from five of the six
lines showed a similar phenotype. SIM-overexpressing plants are dramatically reduced in size
compared to wild-type (Figure 2.8A). Quantitative RT-PCR revealed that these lines express
approximately 50 to 90 fold more SIM transcripts than wild-type plants. Although the overall
size of the plant is greatly reduced, 35S:SIM plants (Figure 2.8B, D, F) contain abnormally large
epidermal cells in comparison with wild-type (Figure 2.8C, E). As observed by scanningelectron microscopy, cell patterning is highly irregular. Cells of SIM-overexpressing plants are
highly variable in size and shape, with the largest cells tending to occur in contiguous groups
(Figure 2.8B, D). Cross-sections reveal that the adaxial epidermis is the most strongly affected
cell layer in the leaf, although enlarged subepidermal cells are occasionally observed (Figure
2.8E,F). Trichomes on the leaves of 35S:SIM plants did not obviously differ from those of wildtype in size or degree of branching, which is not surprising given that expression of SIM from the
much stronger GL2 promoter did not affect trichome size or branching. However, when
35S:SIM was introduced into a sim-1 background, the results were unexpected. While 35S:SIM;
sim-1 plants had fewer multicellular trichomes than did sim-1 plants (43/100 trichomes
multicellular in 35S:SIM; sim-1, vs. 54/100 multicellular in sim-1), this difference was not
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Figure 2.8 Phenotypic Analysis of SIM-Overexpressing Plants. (A) Four-week-old wild-type
(left) and 35S:SIM (right) plants with inflorescences removed. (B) Second leaf of 35S:SIM plant
shown in (A). (C) Adaxial epidermal pavement cells of wild-type first leaf. (D) Adaxial
epidermal pavement cells of 35S:SIM first leaf. (E) Cross section through wild-type first leaf.
(F) Cross section through 35S:SIM first leaf. (G) DAPI-stained epidermal pavement cell nuclei
of wild-type first leaf. Arrows indicate nuclei. (H) DAPI-stained epidermal pavement cell nuclei
of 35S:SIM first leaf. Arrows indicate nuclei. All analyses were done using four-week-old wildtype and 35S:SIM plants. Bars in (A) = 1 cm; (B) = 1 mm; (C) and (D) = 200 µm; (E) and (F) =
50 µm; (G) and (H) = 22 µm.
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statistically significant (χ2=2.42, p=0.120), indicating that 35S:SIM complements the mutation
only partially, if at all. This is in sharp contrast to pGL2:SIM, which completely complements
sim-1.
Insight into this poor complementation of sim-1 by 35S:SIM, as well as the cause of the
patchy distribution of large cells in 35S:SIM plants, was obtained from transgenic lines
expressing N-terminal fluorescent protein:SIM fusions from the 35S promoter to test the in vivo
functionality of these fusions. Plants expressing these constructs grew more slowly than wildtype plants and produced large epidermal cells (Figure 2.9), suggesting that they were functional
in inhibiting mitosis in the leaf epidermis. However, like 35S:SIM, these 35S:GFP:SIM
constructs complemented the sim-1 mutation only partially (39/96 trichomes multicellular in
35S:GFP:SIM; sim-1, vs. 58/100 multicellular in sim-1), although in this case the
complementation was significant (χ2=5.92, p=0.015). Upon examining the GFP expression in
multiple independent 35S:GFP:SIM lines, all plants showed strong expression in non-dividing
tissues of the root, but expression ceased abruptly at the root-shoot boundary at the base of the
hypocotyl (Figure 2.9), and expression was absent in the root tip. Individual 35S:GFP:SIM
plants showed rare and highly variable patterns of expression in leaf tissue, ranging from
expression in a single cell type (guard cells, in one instance) to expression in small groups of
cells within a leaf. Individual plants derived from the same single-insert containing
35S:GFP:SIM line typically showed completely different patterns of reactivation of GFP
expression in shoot tissues. Taken together, these observations suggest that there is strong
selection against SIM expression in dividing tissues of the shoot and root, and that in surviving
plants the transgene has been epigenetically silenced in these tissues. Further, these results also
suggest an explanation for the low frequency of large endoreplicated cells on the leaves of
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35S:SIM plants; these cells may simply represent those few cells that have escaped complete
silencing. These results also indicate that N-terminal fluorescent protein:SIM fusions are
functional.

Figure 2.9 Expression of 35S:GFP:SIM Fusion Protein. (A) Four-week-old first leaf of plant
expressing 35S:GFP:SIM fusion protein. Note large cells. (B) DIC overlay of GFP localization
in developing hypocotyls and root. Note that expression stops at the root-shoot boundary. (C)
GFP localization shown in panel B without DIC overlay. Bars in (A) = 1mm; (B-C) = 300µm.
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2.7 Plants Overexpressing SIM Undergo Increased Endoreplication
The enlarged epidermal cells in SIM-overexpressing plants contain enlarged nuclei
relative to wild-type epidermal cells (Figure 2.8G, H), as expected from the previously described
correlation between cell size and nuclear DNA content in Arabidopsis leaves (Melaragno et al.,
1993). Analysis by flow cytometry confirms that the epidermal pavement cells of 35S:SIM
plants undergo extra rounds of endoreplication (Figure 2.10A), with increased levels of 8C, 16C,
and 32C cells clearly detected at 15 days after sowing (DAS) and 21 DAS. However, the
extremely large epidermal cells observed in Figure 2.8B, D, and F represent only a small fraction
of the cells in a leaf even in regions containing a patch of enlarged epidermal cells, and these rare
large nuclei might be missed in the flow cytometry experiments.
To estimate the DNA contents of the largest epidermal cells, in situ measurements were
made of DAPI-stained nuclei of the largest class of adaxial epidermal cells on 35S:SIM plants
and compared to equivalent measurements for wild-type adaxial epidermal cells (Figure 2.10B).
In these experiments, the data are presented in terms of relative fluorescence units (RFU) of
DAPI fluorescence detected in the nuclei, but the data have been normalized to the mean value
of 4.4C for the DNA content of wild-type Col epidermal nuclei (Melaragno et al., 1993), and
thus the RFU values should represent the approximate DNA contents of the nuclei. On this
basis, the nuclei of the enlarged epidermal pavement cells of 35S:SIM plants have DNA contents
on average of 93.6 45.9C (Figure 2.10B). However, the 35S:SIM nuclei clearly fall into two
major clusters of approximately 42 RFU and 85 RFU. Because these clusters are almost exactly
two-fold different in apparent DNA content, and given that in situ DNA contents are complicated
by irregular nuclear shapes, background fluorescence, and other factors, a reasonable
interpretation is that these two peaks represent nuclei with 32C and 64C DNA contents,
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respectively. In this case, the largest class of cells would consist primarily of 64C cells, with a
substantial number of 32C cells and a few cells of higher C value. This interpretation is broadly
consistent with the results of the flow cytometry study, although no 64C cells were detected by
flow cytometry. The very largest cells in the adaxial epidermis of these leaves included only a
few dozen cells per leaf, and it is possible that the nuclei of these cells were missed in the flow
cytometry. However, it should be noted that the plants for flow cytometry and in situ
observations were grown under different conditions; plants for flow cytometry were grown on
plates for 21 days, while plants for the in situ measurements were grown on soil for 28 days.
These differences in growth conditions may explain the differences in the highest ploidy
detected.

2.8 Discussion
We have isolated and characterized a cell cycle regulator that plays an integral role in
controlling the onset of endoreplication in Arabidopsis. Loss of SIM function results in
multicellular trichomes with decreased levels of endoreplication (Figure 2.1B,C; Walker et al.,
2000). We have shown that SIM is encoded by At5g04470, a gene that previously had no known
function. Three additional uncharacterized genes from Arabidopsis, as well as ten others from a
variety of plant species, have been identified as members of a family of proteins that share five
distinct domains with SIM (Figure 2.2B). Sequence analyses reveal that one of these domains is
a putative cyclin-binding motif, the “Cy” motif found in some CDK inhibitors, Rb, and E2F
(Adams et al., 1996; Wohlschlegel et al., 2001). Another motif is shared with the CDKinhibitory ICK/KRP proteins, which are known to bind to D-type cyclins (Wang et al., 1998; De
Veylder et al., 2001). We demonstrate that EYFP fusions of SIM and its Arabidopsis homologs
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are localized to the nucleus (Figure 2.4B-F), and are expressed throughout the plant, including
meristems, leaf primordia, and trichomes (Figure 2.5A, 2.6A).

Figure 2.10 DNA Contents of SIM-Overexpressing Plants. (A) Ploidy level distribution of the
first leaves of wild-type (Col) and 35S:SIM plants at 9, 15, and 21 DAS as measured by flow
cytometry. The indicated values are means ± SD (n=3 to 5). (B) Relative DNA contents of
DAPI-stained epidermal pavement cell nuclei of wild-type (Col) and 35S:SIM enlarged cells of
plants at 28 DAS. The degree of fluorescence is expressed as relative fluorescence units (RFU)
normalized to the mean fluorescence of Columbia. These RFU values have been adjusted to be
comparable to published C values (see Methods), but they should only be interpreted as relative
comparisons, not as measurements of absolute DNA contents.

Overexpression of SIM results in severely dwarfed plants, with varying degrees of
enlarged cells having highly endoreplicated nuclei (Figure 2.8A-H; 2.10A,B). Together with the
loss-of-function phenotype, this gain-of-function phenotype supports a role for SIM in inhibiting
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mitosis, thereby promoting endoreplication. Our in vivo FRET experiments (Table 1) suggest
that SIM interacts with one or more CYCD/CDKA;1 complexes, but does not interact with Btype mitotic cyclins, or with mitosis-specific CDKB-containing complexes. This result is
consistent with the observation that sim mutants express a CYCB1;1:GUS reporter gene (Figure
2.1F), and also express CYCB1;2 transcripts (Schnittger et al., 2002b).These results indicate that
SIM acts upstream of the G2 induction of CYCB expression.
The observation that SIM, a negative regulator of mitosis in endoreplicating trichomes,
may interact with CYCD/CDK complexes was initially surprising. CYCD/CDK complexes are
typically considered to function at the G1/S transition, promoting entry into S phase (De Veylder
et al., 2003; Dewitte and Murray, 2003; Inzé, 2005; Menges et al., 2006). However, there are
several lines of evidence that are consistent with the hypothesis that SIM functions primarily or
exclusively via its interactions with CYCD/CDK complexes. First, overexpression of a D-type
cyclin in trichomes causes production of multicellular trichomes, which phenocopies the sim
phenotype (Schnittger et al., 2002a). In sim mutants, D-cyclin overexpression produces an even
stronger phenotype, consistent with SIM acting as a negative regulator of D-type cyclins.
Second, the sim mutant phenotype is rescued when ICK1/KRP1, a CDK inhibitor known to
interact with D-type cyclins, is ectopically expressed in trichomes, (Weinl et al., 2005). Finally,
like the ICK/KRP proteins, SIM is a small, nuclear localized protein, and SIM shares one short
motif with the ICK/KRP family of proteins (Figure 2.2C). Considering all of this evidence
together, it is likely that SIM functions as a CDK inhibitor by interacting with CYCD/CDK
complexes.
Our work, and the work of Schnittger et al. (2002b), indicate that in addition to their
known role at the G1/S transition, CYCD/CDKA complexes can promote mitosis in developing
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trichomes. In contrast to this observation, Murray and colleagues have shown that
overexpression of CYCD3;1 from the 35S promoter leads to a decrease in cells in G1 and an
increase in cells in G2, as well as an extended G2 phase and a delay in CYCB activation
((Dewitte et al., 2003; Menges et al., 2006). These observations are consistent with a specific
role of CYCD3;1 at the G1/S transition, and do not support a role for this cyclin in promoting
mitosis. One possible explanation is that endoreplicating trichome cells lack a cell cycle
checkpoint that normally prevents D-cyclins from promoting mitosis, and SIM is needed to
prevent mitosis. Alternatively, the in vivo target of SIM may be a specific CYCD/CDK complex
that can play a role in promoting mitosis. Arabidopsis has ten CYCD genes, and only a few have
been functionally examined. It is not known which CYCD genes are expressed in developing
trichomes, although CYCD3;1 is not (Schnittger et al., 2002b). It should be noted that while the
acceptor photobleaching FRET method is unlikely to produce false positives, it is possible that
true interactions might not be detected due either to the specific geometry of the complexes
involved or to a low signal to noise ratio. Thus, we cannot rule out the possibility that SIM
might interact with additional complexes among those tested.
The observation that SIM transcript levels show some degree of dependence on
expression of the trichome developmental regulator GL3 (Figure 2.5B) suggests that regulation
of SIM expression levels may play a role in the transition to endoreplication during trichome
development. However, SIM transcript expression by itself is not sufficient to block mitosis;
SIM transcripts are detected throughout the meristem and young leaf primordia (Figure 2.6A),
yet these cells continue to divide. Also, the effect of SIM overexpression is tissue-specific, with
much larger cells occurring in the adaxial epidermis of leaves than in the abaxial epidermis or
mesophyll (Figure 2.8F). These observations suggest that SIM expression is under post-
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transcriptional control, like many other cell cycle components, or that SIM function requires
other trichome-specific components. Alternatively, these tissues may lack some activator or
cofactor required for SIM function.
SIM is expressed in a wide variety of tissues (Figure 2.5A, 2.6A), yet the sim mutant
phenotype has been detected only in trichome and hypocotyl cells (Walker et al., 2000). The
existence of three Arabidopsis SIM homologs, the SMR genes, suggests that the SIM may have
additional roles beyond those detected in sim homozygotes that are concealed by functional
overlap with the other family members. SIM is particularly strongly expressed in roots (Figure
2.5A), and in procambial cells and developing vasculature (Figure 2.6A) and may play a role in
root or vascular development. Further insight into the potential role of SIM and the SMR genes
in the root comes from a cell-type specific microarray expression study of Birnbaum et al., 2003.
In this study, transcripts of SIM, SMR1, and SMR3 were detected in all tissue layers of the root,
and consistent with our results in Figure 2.5A, SIM expression is the strongest, and SMR3 is
much more weakly expressed than the other two genes. In the study of Birnbaum et al. (2003),
expression was also examined in three developmental stages along the root axis. Stage one
contains the root tip and would be expected to have the highest proportion of dividing cells; this
assumption is supported by the relative transcript levels of mitotic cyclins, which were highest in
this stage. Stage two includes cells that were dividing less frequently and are beginning to
differentiate, and stage three contains the zone of rapid cell elongation. Expression of SIM,
SMR1, and SMR3 is much lower in stage one than in the other stages, and both SIM and SMR1
exhibit their highest expression level at stage two. Expression of SMR3 steadily increases from
stage one, the root tip, to stage three, the expanding cells. This pattern of expression of SIM and
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its paralogs is consistent with a role in reduced division rates concomitant with cell
differentiation and the onset of endoreplication.
One clue to other potential functions of SIM and its homologs is that a tomato (Solanum
lycopersicum) homolog of SIM has been implicated in a signaling pathway involved in
inflorescence development. SELF-PRUNING INTERACTING PROTEIN4 (SIP4, shown as Sl
SIP4 in Figure 2.2B) was isolated in a yeast two-hybrid screen using the tomato SELFPRUNING (SP) protein as bait (Pnueli, 2001). SP is the functional homolog of TERMINAL
FLOWER (TFL) in Arabidopsis and CENTRORADIALIS (CEN) in Antirrhinum (Pnueli et al.,
1998). Members of the TFL/SP/CEN family control inflorescence determinacy and architecture
(Shannon and Meeks-Wagner, 1991; Alvarez et al., 1992; Bradley et al., 1997). These genes
encode members of a plant family of proteins related to the animal phosphatidylethanolaminebinding proteins, signaling proteins that appear to act via the Raf1 kinase in animals. A
serine/threonine kinase that was isolated in this same yeast two hybrid screen was shown to
phosphorylate SIP4 on a serine residue that is conserved in SIM and several other homologs
(Pnueli et al., 2001; final S residue in Motif 5 in Figure 2.2B). One of the first events classically
observed in the transition to flowering is an increase in mitosis in the meristem (Steeves and
Sussex, 1989), and it is tempting to speculate that other members of the SIM gene family could
be involved in regulating mitotic cycling during this developmental transition.
Our results indicate that SIM encodes a cell cycle regulator that plays a key role in the
establishment of endoreplication during trichome development. The SIM protein appears to act
by regulating D-type cyclin-containing CDK complexes. Plant genomes have significantly
larger gene families for most cell cycle components, suggesting that the plant cell cycle may
have additional complexity (Vandepoele et al., 2002). For example, there are ten CYCD genes in
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the Arabidopsis genome, whereas in mammals there are only three. Study of SIM and its
homologs may give additional insights into the diversity of plant cell cycle responses and their
integration with development, in addition to giving insights into the establishment of
endoreplication.

2.9 Materials and Methods
Isolation of SIM Gene
The sim-2 allele, generated by insertional mutagenesis with the T-DNA pD991, originally
segregated two inserts. Linkage between a single T-DNA insert and the sim phenotype and KanR
was established. The T-DNA right border junction was recovered from genomic DNA by an
adaptor PCR method (Seibert et al., 1995), using pD991-specific primers available on the Jack
lab website (www.dartmouth.edu/~tjack/index.html).
To pinpoint the position of the pD991 insert in entirety, PCR reactions with various
combinations of primers in the At5g04470 region were performed. Failure to amplify a region in
sim-2 DNA was indication of the insert; wild-type DNA was used as a positive control for the
primers. Finally, the exact position of the left border of pD991 was identified by sequencing a
DNA fragment that was PCR amplified using a primer specific for the left border, oligo 156 (5’CCCTATAAA-TACGACGGATCG-3’), and primer specific for a region of sim-2 that is able to
be amplified, T32m21-23337L (5’-ACATACTTGTGCATGTGCCTCTCGC-3’).
For molecular complementation analysis, the genomic coding sequence of At5g04470, as
well as 2870 bp of upstream sequence and 250 bp downstream sequence was PCR amplified
from the BAC clone T32M21 using the primers simwhole3500 L (5’-AGCATAAACACCAAGAGAGGACC-3’) and simwhole R (5’- ATACTTGTGCATGTGCCTCTC-CT-3’). This
fragment was cloned into the pCR2.1 vector (Invitrogen, Carlsbad, CA) by TOPO® cloning
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(Invitrogen, Carlsbad, CA) to create pSIM3500. The pSIM3500 insert was subcloned as a
BamHI-XhoI fragment into these sites of the binary vector pBIN19 (Bevan, 1984) to create
pSIM3500Bin, which was used to complement the sim phenotype.
For RT-PCR analysis of At5g04470 expression in WS and sim-2 plants, RNA was
harvested from the shoot tissue of three-week old WS and sim-2 plants using the Plant RNeasy®
kit (QIAGEN, Inc., Valencia, CA) following the method included by the manufacturer
(http://www1.qiagen.com/literature/handbooks/PDF/RNAStabilizationAndPurification/FromAni
malAndPlantTissuesBacteriaYeastAndFungi/RNY_Mini/1035969_HB_BenchProtocol.pdf).
cDNA was synthesized from this RNA using the Omniscript® RT kit (QIAGEN, Inc., Valencia,
CA). The presence of the SIM transcript was measured by PCR amplification using this cDNA as
template and the primers simL (5’-AGATCTGCCCATCTTGAATTTCCC-3’) and simR (5’GCTCGATCTCATCTTTGTTGACGAT-3’) to assess the presence of the SIM transcript and the
primers HIS4 L (5’- TCGTGGAAAGGGAGGAAAAGGT-3’) and HIS4 R (5’CTAGCGTGCTCGGTGTAAGTGAC-3’) as assess the presence of a control gene, HISTONE
H4.
Expression Analysis
The uidA (GUS) expression in sim-2 plants was visualized using methods described
previously (Larkin, 1996). In situ RNA hybridization was essentially performed as described
previously (Larkin et al., 1993). DIG-labeled, single-stranded RNA probes were synthesized
from PCR-derived template containing an appropriately positioned T7 promoter to produce a
sense or antisense probe. A DIG-labeled, single-stranded sense strand of a Ceratopteris richardii
(C-fern) gene of unknown function (accession # CV735270) was used as a negative control.
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For quantitative RT-PCR, RNA was extracted from various organs of wild-type (Col)
plants to assess the expression of SIM and its homologs in these tissues using the Plant RNeasy®
kit (QIAGEN, Inc., Valencia, CA) and DNased using a DNase kit (QIAGEN, Inc., Valencia,
CA). cDNA was synthesized from the RNA harvested from each tissue using an Omniscript®
RT kit (QIAGEN, Inc., Valencia, CA). The absolute transcript levels for SIM and its homologs
were assessed using the TaqMan® method of quantitative RT-PCR (Gibson et al., 1996). A
primer pair and FAM/BHQ1 probe was acquired for each transcript of interest. The PCR
amplification product of each primer pair was quantified using a spectrophotometer and diluted
to make a five-point standard curve for each gene. Each point of the standard curve as well as
each cDNA reaction was run in triplicate. Each point on the graph in Figure 2.5 is the average of
the nine separate reactions run for each gene in each tissue type (three replicates of each of the
three biological replicates per tissue).
Generation of Transgenic Lines and Growth Conditions
The full length SIM, At1g08180, At3g10525, and At5g02420 coding regions with were
PCR amplified from the BAC clones, T32M21, T23G18, F13M14, and T22F11, respectively, in
two-stage PCR reaction and inserted into the GATEWAY® (Invitrogen, Carlsbad, CA) vector
pDONR221 by attB recombination following the manufacturer’s protocol
(http://www.invitrogen.com/content/sfs/manuals/gatewayman.pdf). Error-free entry clones were
confirmed by sequence analysis before recombination into the following relevant destination
vectors: overexpression, pK2GW7 (www.vib.be); YFP-fusions, pDuEX-An1 (Kato and
Fujikawa, 2007); and CFP-fusions, pDuEX-Dn2 (Kato and Fujikawa, 2007). The resulting
plasmids were introduced into Agrobacterium tumefacians by transformation, and subsequently
into plants (ecotype Columbia) via the floral dip method (Clough and Bent, 1998). Transgenic
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plants were selected on kanamycin-containing medium and later transferred to soil. Plants were
grown as previously described (Larkin et al., 1999). For YFP and CFP-gene fusions, vectors
were directly introduced to Arabidopsis leaves via particle bombardment using a PDS-1000/He
Biolistic Particle Delivery System (Bio-Rad, Hercules, CA), incubated overnight in water at
room temperature with constant shaking, and visualized on a Leica TCS SP2 spectral confocal
microscope. Scanning electron microscopy was performed as previously described (Larkin et
al., 1999).
Nuclear DNA Measurements
DNA contents were measured as previously described (Walker et al., 2000) with the
exceptions that nuclei were observed using a 20X objective lens, and DNA values were
normalized to reported wild-type epidermal cell nuclei values (Melaragno et al., 1993). Flow
cytometric analysis was performed as previously described (Verkest et al., 2005).
FRET analysis
FRET (Fluorescence Resonance Energy Transfer) efficiencies of protein pairs in
Arabidopsis leaf epidermal cells were measured by an acceptor bleaching method (SzczesnaSkorupa et al., 2003). In this method a protein pair is fused to CFP and YFP respectively. YFP
is selectively photobleached with a high intensity of the excitation laser, and changes of CFP
intensity before and after the YFP photobleaching are monitored. If the protein pair interacts
CFP intensity will increase after YFP photobleaching due to a loss of the fluorescence resonance
energy transfer. If the protein pair does not interact, CFP intensity will not change. Hence, the
FRET efficiency in this method is quantified as:
FRETeff = (Dpost – Dpre) /Dpost,
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where FRET eff is FRET efficiency, Dpost is the fluorescence intensity of the donor (CFP) after
acceptor (YFP) photobleaching, and Dpre is the fluorescence intensity of the donor before
acceptor photobleaching. The FRET eff is considered positive when Dpost > Dpre.
Arabidopsis leaves that transiently express fusion proteins were observed with Leica TCS
SP2 spectral confocal microscope with a 40x, 1.25 N.A. (numerical aperture) oil immersion
objective lens and a double 458/514 nm dichroic mirror. The argon laser line of 458 nm was
used to excite ECFP (PMT window: 465 –515 nm) and the 514 nm line to excite EYFP (PMT
window: 525 – 570 nm). To increase photon fluxes, a pinhole size of the confocal microscope
was increased to 600 mm from the default size 81.39 mm (Airy 1). The image was zoomed 3.5 to
5 fold and the nucleus region where both ECFP and EYFP were detected was selectively
bleached with the 514 nm line at 100% laser intensity. Three to ten percent of the 514 nm laser
intensity was used to monitor changes of EYFP fluorescence intensity during the bleach. The
nucleus region was bleached 20 times in about 2 min, and the ECFP intensity in the bleached
region was measured before and after the EYFP bleaching. The FRET Wizard program in the
Leica Confocal Microscope Software (LCS, 2.61.1537) was used to set experimental conditions
and calculate FRET efficiencies.
Accession Numbers
Sequence data from this chapter can be found in the EMBL/GenBank data libraries under
the accession numbers: SIM (At5g04470), CAB85553; SMR1 (At3g10525), BAC42937; SMR2
(At1g08180), AAF18255; SMR3 (At5g02420), CAB85979; Solanum lycopersicum SMR1 =
AI780963; Solanum lycopersicum SMR2 = AW931119; Solanum lycopersicum SIP4 =
AAG43410; Solanum tuberosum SMR1 = BM110486; Zea mays SMR1 = AZM4_61016; Zea
mays SMR2 = AZM4_26293 Oryza sativa EL2 = T03676; Oryza sativa SMR1 = AAK20052;
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Populus tremula SMR1 = BU815024; Glycine max SMR1 = AW704877. All of these accession
numbers are from the NCBI database with the exception of Zea mays SMR1 and Zea mays
SMR2 which are from TIGR.

2.10 End Notes
1

The cloning of the SIM gene as well as the data in Table 2.1 and Figures 2.2, 2.4, 2.8, 2.9A, and
2.10A were contributed by the author of this dissertation.
2

Churchman, M.L., Brown, M.L., Kato, N., Kirik, V., Hülskamp, M., Inzé, D., DeVeylder, L.,
Walker, J.D., Zheng, Z., Oppenheimer, D.G., Gwin, T., Churchman, J., and Larkin, J.C. (2006)
SIAMESE, a novel plant-specific cell cycle regulator controls endoreplication onset in
Arabidopsis thaliana. Plant Cell 18: 3145-3157.

49

CHAPTER 3:
FUNCTIONAL ANALYSIS OF
SIAMESE-RELATED PROTEINS
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3.1 Introduction
Genes encoding SIAMESE-RELATED (SMR) proteins are found in both monocots and
dicots, showing conservation throughout plant evolution. Initially, three Arabidopsis SMRs were
included in the SIM family, as well as three in tomato (Solanum lycopersicum), one in potato
(Solanum tuberosum), two in corn (Zea mays), two in rice (Oryza sativa), one in poplar
(Populus tremula) and one in soybean (Glycine max) (Figure 2.2B). These homologs were
identified by a series of Basic Local Alignment Search Tool (BLAST) searches on the criteria of
conservation of five discrete protein domains; no functional data were used to classify them as
SMRs. Recently, two additional proteins from Arabidopsis were identified and proposed as
being related to SIM by the DeVeylder lab (Peres et al., submitted). Originally, these same
proteins, as well as one additional protein, were identified in my own search for SMRs, but were
not included, based on the criteria I had established for the degree of sequence similarity within
conserved motifs required for inclusion in the family. For my initial description of the SIM
family, at a minimum, proteins had to display a high degree of sequence similarity within
conserved motif one and particularly motif 4; however, SMR4, SMR5, and SMR6 have more
divergent sequences in these domains (Table 3.1). The organization of the motifs within the SIM
family of proteins, including the newly added SMR4, SMR5, and SMR6, can be seen in Figure
3.1. TAP-tagging experiments performed in the DeVeylder lab revealed that a D-type cyclin
complexed with SMR4, validating its inclusion in the SIM family. I show here that motif 4 is
necessary for binding to D-type cyclins; hence proteins containing this conserved domain are
likely true members of the SIM family. Given the role of SIM in regulating the cell cycle, it was
logical to investigate the role of the SMRs in Arabidopsis and other plants. Initial results suggest
that one function of this protein family is to link stress responses and the cell cycle. Due to their
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sessile lifestyle, plants have developed complex signaling pathways to accommodate changes in
their environment owing to biotic and abiotic stressors. Included in the plant response to stress is
tight coordination of the cell cycle, depending on the needs for cell division under varying
conditions. The SIM family of genes was found to be regulated in response to biotic and abiotic
stressors, such as nematode predation, infection by pathogens, and genotoxic, heat, and salt
stresses, revealing a critical role for this family in coordinating cell cycle regulation with stress
responsive pathways (Peres et al., submitted). Of particular interest in these studies is one of the
SMRs from rice, ELICITOR2 (EL2; Figures 2.2B, 3.1), which was isolated as an early response
gene toward N-acetylchitoheptaose, a potent biotic elicitor for the biosynthesis of phytoalexins,
which are toxic compounds that are produced as a defense mechanism in response to attacks by
pathogens or other stresses (Minami et al., 1996). Comparative studies between the Arabidopsis
and rice SMRs suggest a role for these proteins as a novel class of CDK inhibitors that act on
CYCD/CDKA;1 complexes and are regulated transcriptionally in response to plant stress.
Table 3.1 Protein Sequences of Conserved Motif 4 of the SIM Family.
Protein:

Motif 4 Sequence:

SIM
SMR1
SMR2
SMR3
SMR4
SMR5
SMR6
Sl SMR1
Sl SMR2
Sl SIP4
St SMR1
Zm SMR1
Zm SMR2
Os EL2
Os SMR1
Pt SMR1
Gm SMR1

EIERFF
EIDRFF
EVETLF
EIEMFF
DLETLF
EEGIFS
DLETVF
EVESFF
EVDSFF
ETDSFF
EVDSFF
ELERLF
ELERLF
ELERLF
ELERLF
EVDSFL
DMDAFF
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Figure 3.1 Conserved Domain Organization of SIM Family. 1 = TPT/K/GS; 2 = Proline-rich;
3 = zRXL; 4 = Cyclin-binding domain; 5 = KRRRS, putative phosphorylation site.

3.2 EL2 Interacts with D-type Cyclins and CDKA;1 in Vivo and Rescues the
sim Mutant Phenotype
The binding of SIM and SMR2 to D-type cyclins and CDKA;1 suggested that the SIMrelated protein from rice, EL2, may also make these associations (Table 2.1). In a yeast 2-hybrid
screen using the rice CYCD5;3 as bait, EL2 was recovered from a galactose 4 (GAL4) activation
domain cDNA fusion library constructed from an actively dividing rice cell suspension culture
(Peres et al., submitted). Further yeast 2-hybrid experiments using EL2 as bait uncovered
interactions with CYCD4;1 and CDKA;1. These interactions were confirmed with in vitro pulldown experiments with glutathione S-transferase (GST)-EL2 fusion proteins (Peres et al.,
submitted). Further, these pulldowns and yeast 2-hybrid experiments indicated that motif 4
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(ELERLF), conserved in all of the SMRs, is necessary for in vitro binding of EL2 to CYCD5;3,
but not CDKA;1 (Figure 2.2B; Peres et al., submitted).
To confirm these interactions in vivo, a 35S:ECFP:EL2 fusion protein and a 35S:EYFP
fusion to a candidate cyclin/CDK were transiently expressed via biolistic particle bombardment
of onion epidermal cells. Onion epidermis was chosen as an alternative monocot for transient
expression instead of rice due to the fact that rice epidermal cells accumulate hard silica bodies
(Kaufman et al., 1981), making bombardment and visualization of the nuclei difficult. For Dtype cyclin binding domain analysis, a 35S:CFP fusion to EL2 with the ELERLF motif mutated
to a stretch of alanines (designated el2 ΔELERLF) was co-expressed with corresponding 35S:EYFP
cyclin/CDK partners. Co-transformed cells were analyzed by the acceptor photobleaching FRET
method. FRET is particularly advantageous to confirm protein expression; in the event that no
interactions are observed, it is not because both proteins are not present in the cell.
I confirmed that EL2 does interact with CYCD5;3 and CDKA;1 in vivo (Table 3.2,
Figure 3.2). In contrast, I found no significant association with mitotic CDKB1;1 or CDKD, a
CDK-activating kinase (CAK)-like protein (Table 3.2). I also show that el2 ΔELERLF does not bind
to CYCD5;3 (Table 3.2, Figure 3.2), demonstrating that motif 4 is necessary for D-type cyclin
binding.
Since both SIM and EL2 interact with D-type cyclins and CDKA;1 in vivo, I wanted to
test whether EL2 could functionally rescue the sim loss-of-function phenotype in Arabidopsis.
EL2 was fused to the trichome- specific GL2 promoter and transformed into sim plants.
Transformants carrying the BASTA resistance gene were identified and their trichomes were
inspected for complementation. Figure 3.3 shows that pGL2:EL2 plants from a sim background
have wild-type trichomes, demonstrating that EL2 and SIM share a role in blocking mitosis. The
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data in Table 3.2 and Figures 3.2 and 3.3 have been submitted to J. of Biological Chemistry as
part of the Peres et al. (submitted) manuscript.

Table 3.2 Protein-Protein Interactions Determined by FRET
Donor
Acceptor
(CFP fusion) (YFP-fusion)
FRET Efficiency(%)a
nb
pc
Interaction?
TGA5
TGA5
13.06
10
<0.0001
Y
TGA5
LexA-NLS
0.11
10
1.00
N
EL2
CYCD5;3
11.44
10
<0.0001
Y
ΔELERLF
el2
CYCD5;3
0.11
10
0.99
N
EL2
CDKA;1
11.98
10
<0.0001
Y
ΔELERLF
el2
CDKA;1
8.52
10
<0.0001
Y
EL2
CDKB1;1
0.44
10
0.69
N
EL2
CDKD
0.87
10
0.19
N_____
a
The Acceptor Photobleaching method was used to determine the FRET efficiency (see materials
and methods). bNumber of nuclei analyzed. cStudent’s t-tests were performed for each data set. P
indicates the statistical significant difference between each data set and the negative control
value.

Figure 3.2 Motif 4 is Necessary for Association of EL2 with CYCD5;3.
(A) ECFP:EL2 pre EYFP-bleaching. (B) ECFP:EL2 post EYFP-bleaching. (C) Pre-bleached
ECFP:EL2 subtracted from post-bleached ECFP:EL2 in false color showing 12% increase in
ECFP intensity. (D) EYFP:CYCD5;3 pre EYFP-bleaching. (E) EYFP:CYCD5;3 post EYFPbleaching. (F) ECFP:el2ΔELERLF pre EYFP-bleaching. (G) ECFP:el2ΔELERLF post EYFP-bleaching.
(H) Pre-bleached ECFP:el2ΔELERLF subtracted from post-bleached ECFP:el2ΔELERLF showing no
increase in ECFP intensity. (I) EYFP:CYCD5;3 pre EYFP-bleaching. (J) EYFP:CYCD5;3 post
EYFP-bleaching. Scale bars (A-J)= 2 µm.
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Figure 3.3 EL2 Rescues the sim Loss-of-Function Phenotype in Arabidopsis. (A) Wild-type
trichome. (B) sim trichome. (C) pGL2:EL2 in sim loss-of-function background. Scale bars in (A)
and (B) = 100μm; (C) = 200μm.

3.3 SMR Overexpression
To investigate whether the Arabidopsis SMRs have similar biological roles as SIM in
plant development, transgenic plants individually expressing SMR1, SMR2 and SMR3
ectopically from the cauliflower mosaic virus 35S promoter were produced. Three
pro35S:SMR1 transgenic lines were isolated, and one homozygous line was established for
analysis. Four primary pro35S:SMR2 and five primary pro35S:SMR3 transformants were
observed. All transgenic plants isolated exhibited an overall decrease in size. SMR1overexpressing plants were most similar to SIM-overexpressing plants (Figure 3.4 A,B), whereas
SMR2- and SMR3-overexpressing plants showed an even more dramatic reduction in size
compared to wildtype (Figure 3.4C,D). Also, all SMR overexpressors had enlarged leaf
epidermal cells (Figure 3.4A,B, black arrows), as seen in SIM overexpressing plants (Figure
2.9B). Although all were slow growing, SMR2 and SMR3 overexpressors were severely
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retarded in growth rate, taking four weeks to form fully developed first leaves. Both SMR2- or
SMR3-overexpressing plants failed to produce an inflorescence stem before senescence. For this
reason, pro35S:SMR2 and pro35S:SMR3 lines could not be maintained.

Figure 3.4 Phenotypic Analyses of SMR-Overexpressing Plants. (A) Second leaf of
35S:SMR1 plant. (B) First leaf of 35S:SMR1 plant. (C) Whole 35S:SMR2 plant. (D) Whole
35S:SMR3 plant. Scale bars in (A-D) = 1 mm. Arrows in (A) and (B) indicate enlarged cells. All
plants shown are four-weeks-old.
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3.4 SMR Expression in the Shoot Apex
As shown in Figure 2.5A, the SMRs were expressed throughout many tissues of the
plant. In situ hybridization to shoot apices (courtesy of David Oppenheimer) showed that like
SIM, the SMRs were expressed throughout the shoot apical meristem and in leaf primordia
(Figure 3.5B-D). SMR expression was also observed in procambial strands and developing
vasculature, as seen with SIM; however, SMR2 expression in those locations was markedly
weaker (Figure 3.5C). Only SMR1 was clearly expressed in developing trichomes (Figure 3.5B).
The apparent cell-to-cell heterogeneity of SMR2 and SMR3 expression may reflect a cell cyclespecific pattern of expression. Promoter-reporter gene fusions with the SMR promoters will be
useful for addressing this possibility.

A

B

C

D

Figure 3.5 Expression Pattern of the SIM Family in the Shoot Apex. In situ RNA
hybridizations to longitudinal sections of the shoot apex probed with DIG-labeled singlestranded (A) sense probe of C. richardii gene of unknown function (accession #: V735270), (B)
antisense SMR1, (C) antisense SMR2, and (D) antisense SMR3. Scale bars = 100μm.
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3.5 SMR T-DNA Knockout Analyses
To identify loss-of-function phenotypes for smr mutants, SALK T-DNA insert lines
created at the Salk Institute Genomic Analysis Laboratory (Alonso et al., 2003) were obtained
from the Arabidopsis Biological Resource Center (Columbus, OH). Homozygous lines were
confirmed according to the suggested protocol available on the SALK T -DNA Express website
(http://signal.salk.edu/tdnaprimers.2.html; shown in Figure 3.6; data in Figure 3.7A,B). The
locations of both borders within the genome were identified and confirmed by sequencing the
junction fragments (Table 3.3, Figure 3.8). Subsequently, confirmed homozygous lines were
tested by RT-PCR for expression of their respectively disrupted genes. Only one line, SALK
6098, has been confirmed as abolishing SMR2 mRNA expression (Figure 3.9). A homozygous
line for SALK 33905 has recently been established, but not yet confirmed by RT -PCR to abolish
SMR1 function. A complete loss of function is likely, given that the confirmed position of the
T-DNA deletes the first 98 amino acids of a total 128 amino acids in SMR1 (Figure 3.8).
No obvious mutant phenotypes have yet been observed for the confirmed smr2 loss-offunction plants, and similarly no mutant phenotypes were observed in the putative smr1 loss-offunction plants. A sim-1 smr2 double mutant was generated, again, with no noticeable mutant
phenotype besides the original sim mutant phenotype. Constructs are in progress to eliminate
SMR3 expression via artificial microRNA gene silencing (amiRNA), using the strategy of
Schwab et al. (2006). Efforts are underway to generate all combinations of double, triple, and
eventually quadruple mutants in hopes of observing the effects of complete SIM family loss-offunction.
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Figure 3.6 T-DNA Verification Protocol in SALK Lines. Using this method, three primers are
combined in one PCR reaction, a T-DNA border-specific primer, and left and right primers
specific for the genomic DNA flanking the border insertion sight (BP, LP, and RP, respectively).
Lines homozygous for the insert will produce an approximately 500-750bp band due to
amplification between the BP and RP primer; heterozygotes produce two bands due to
amplification from both the combination of BP and RP primers as well as LP and RP primers,
giving an approximate 900bp band. Lines lacking an insert will only produce the approximate
900bp band from amplification between the LP and RP.

Figure 3.7 PCR Confirmation of Homozygous T-DNA Insert in SALK Lines. Using the
protocol outlined in Figure 3.6, homozygous plants were confirmed for the SALK T-DNA insert
lines (A) 33905, (B) 90936, 6098, and 7145 using RP’s and LP’s that are specific for each
SMR’s flanking sequence (primers illustrated in Figure 3.8). DNA from wild-type Col plants
was used as a negative control for each primer set, showing amplification of genomic DNA,
only, in the absence of the T-DNA.
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Figure 3.8 Confirmed T-DNA Positions in Homozygous SALK Lines. T-DNA insertions are
shown in blue boxes underneath their respective genes; the size of the insert, and hence the
deleted region of DNA, is given in parentheses. Black arrows symbolize the primers used in
genotyping plants to confirm homozygous lines; BP = left border-specific primer, LP = left
flanking genomic DNA-specific primer, and RP = right flanking genomic DNA-specific primer.
Red arrows symbolize primers used for RT-PCR analyses of gene expression in the homozygous
lines. RT-FP = forward primer; RT-RP = forward primer.

Table 3.3 Confirmed T-DNA Positions in Homozygous SALK Lines

Gene:

SALK #: Chr. #:

SMR1

33905

SMR2

6098

SMR2
SMR3

3

Left Border Right Border
Coordinate: Coordinate:
3281674

3283313

1

2565051

2566429

90936

1

2565379

2566542

7145

5

521313

522824
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Figure 3.9 RT-PCR Confirmation of smr Knockout Lines. A one-step RT-PCR reaction was
performed to test the expression of the SMRs using RNA extracted from plants homozygous for
their respective SALK T-DNA insertions. 18S was used as a positive control to confirm the
presence of RNA. FP-1 = Forward Primer-1; FP-2 = Forward Primer-2; asterisk (*) denotes
SALK lines with confirmed T-DNA positions (shown in Figure 3.8). Primer positions are
illustrated in Figure 3.8 with the designations RT-FP’s and RT-RP’s specific for each SMR.

3.6 Discussion
The rice EL2 protein, a confirmed CDK-inhibitor, is a functional homolog of SIM
(Figure 3.3). Like SIM, EL2 binds to D-type cyclins and CDKA;1 in vivo. The motif 4 of EL2,
and presumably of the SIM family, is necessary for interactions with D-type cyclins (Table 3.2;
Figure 2.2B). Given SIM’s ability to inhibit mitosis and interactions with CYCD/CDKA
complexes, a role as a CDK-inhibitor is fitting. Confirmation of the CDK-inhibitory effects of
the rest of the SIM family will likely be confirmed following the successful purification of the
SIM and SMR proteins.
Overexpression of the Arabidopsis SMRs mimics the phenotypes observed when SIM is
overexpressed, resulting in slow-growing, dwarfed plants with enlarged cells. Loss-of-function
of SMR2, and prospectively SMR1, does not appear to affect the plant phenotype. The
expression patterns of the SMRs and SIM may hint at the reason; they are all expressed to
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varying degrees in many tissues of the plant, suggesting some functional redundancy (Figures
2.5A, 2.6A, 3.5B-D). A sim smr1 smr2 smr3 mutant, if viable, may still not give an obvious
mutant phenotype, as at least three other SMR proteins may be present in Arabidopsis. Although
SMR4 and SMR5 did not meet my initial conservative criteria for this weakly conserved protein
family because they lack several motifs, SMR4 associated with a D-type cyclin in TAP-tagging
experiments (Lieven DeVeylder, personal communication). These proteins, as well as the other
SMRs, are regulated in response to biotic and abiotic stresses based on publicly-available
microarray data sets (Peres et al., submitted). SIM and SMR1 were induced by the stress of
nematode predation, but down-regulated in response to infection with the pathogen,
Pseudomonas syringae (Peres et al., submitted). Interestingly, SMR2 and SMR3 showed the
exact opposite behavior in both cases (Peres et al., submitted). Other trends observed were that
SIM, SMR1, and SMR3 are upregulated in response to genotoxic stress, whereas SMR2 is
downregulated. SMR4 and SMR5, the most divergent family members, are the most highly
upregulated genes in response to genotoxic stress of the SMRs (Peres et al., submitted). To date,
no stress treatments have been applied to developing smr2 or putative smr1 loss of function
plants. Given the SMR’s putative role linking plant stress responses to cell cycle regulation,
mutant phenotypes affecting the response to pathogens, nematode predation, or DNA damage
might be observed under the right stress conditions.

3.7 Materials and Methods
FRET Analysis
Acceptor photobleaching FRET method was performed as described in section 2.9.
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Generation of Transgenic Lines and Growth Conditions
For molecular complementation, the full length EL2 inserted into the GATEWAY®
(Invitrogen, Carlsbad, CA) vector pDONR221 was obtained from Lieven DeVeylder. Error-free
entry clones were confirmed by sequence analysis before attL recombination into the
GATEWAY® compatible vector pLEELA-pGL2, a gift from Arp Schnittger, which contains the
GL2 promoter. The resulting plasmid was introduced into Agrobacterium tumefacians by
electroporation, and subsequently into sim-1 plants via the floral dip method (Clough and Bent,
1998). Transgenic plants were planted on soil and sprayed with a 1mM BASTA solution after
first leaves were established. BASTA resistant plants were inspected for complementation of the
sim phenotype. Plants were grown as previously described (Larkin et al., 1999).
For CFP protein fusions, full length EL2 and el2 ΔELERFL were recombined into the
GATEWAY® compatible vector pDuEX-Dn2 (Kato and Fujikawa, 2007). For YFP-fusions , fulllength cyclins and CDKs were recombined into the GATEWAY® compatible vector pDuEX-An1
(Kato and Fujikawa, 2007). Vectors were directly introduced into onion epidermal cells via
particle bombardment using a PDS-1000/He Biolistic Particle Delivery System (Bio-Rad,
Hercules, CA), incubated overnight and visualized with a Leica TCS SP2 spectral confocal
microscope.
For overexpression analysis, full length At1g08180, At3g10525, and At5g02420 coding
regions were PCR amplified from the BAC clones, T23G18, F13M14, and T22F11, respectively,
in a two-stage PCR reaction and inserted into the GATEWAY ® (Invitrogen, Carlsbad, CA)
vector pDONR221 by attB recombination following the manufacturer’s protocol
(http://www.invitrogen.com/content/sfs/manuals/gatewayman.pdf). Error-free entry clones were
confirmed by sequence analysis before recombination into the pK2GW7, which contains the 35S
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promoter of Cauliflower Mosiac Virus (www.vib.be). The resulting plasmids were introduced
into Agrobacterium tumefacians by transformation, and subsequently into plants (ecotype
Columbia), via the floral dip method (Clough and Bent, 1998). Transgenic plants were selected
on kanamycin-containing medium and where applicable were later transferred to soil. Plants
were grown as previously described (Larkin et al., 1999).
Expression Analysis
In situ RNA hybridization was performed in the lab of David Oppenheimer, as described
in section 2.9.
T-DNA Analysis
Homozygous lines were identified by a three primer PCR reaction with LBa1
(5’- TGGTTCACGTAGTGGGCCATCG-3’) and two genomic DNA-specific primers especially
designed for each SALK line. (SALK 33905: LP 5’AACATGTACCACCCATTGCTC3’, RP
5’CAAACCCTTCTCAACCTCTCAC3’; SALK 7145: LP 5’GCAGCA GATCTCTGCCAT
TAG3’, RP 5’GCACGATAAAGGAAGCATCTG3’; SALK 6098: LP 5’ CGATGTCTGAAT
CATTCAATGC3’, RP 5’CTAACTAATTGACTCCGGCATAG3’; SALK 90936 LP 5’TTTC
TTACGGACATGGTTTGG3’, RP 5’TCGAACACAAATCAGTGGAGG3’; SALK 6103 LP
5’ CATAATTCATTTAAGATAAAATTTACGG3’, RP 5’TAAAAGAGCAAAG TGGATGGC)
The left border insertion site was available online (http://signal.salk.edu/cgibin/tdnaexpress) for SALK insertions. To find the right border, T-DNA positions were verified
by performing a series of PCR reactions with various combinations of primers in the gene
regions where the insert was predicted to be. Failure to amplify a region in a SALK line’s DNA
was indication of the insert; wild-type DNA was used as a positive control for the primers.
Finally, the exact position of the right borders of SALK 33905, SALK 6098, SALK 90936, and
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SALK 7145 were identified by sequencing a DNA fragment that was PCR amplified using a
primer specific for the right border of pBIN-pROK2, the T-DNA used in the mutagenesis (Rba1:
5’- ATCGGATATTTAAAAGGGCGTG-3’), and primer specific for a region of the SALK lines
that were able to be amplified.
Accession Numbers
Sequence data from this article can be found in the EMBL/GenBank data libraries under the
accession numbers: SIM (At5g04470), CAB85553; SMR1 (At3g10525), BAC42937; SMR2
(At1g08180), AAF18255; SMR3 (At5g02420), CAB85979; SMR4 (At5g02220), NP 568097;
SMR5 (At1g07500), NP 172230; SMR6 (At5g40460), ABD57500; Solanum lycopersicum
SMR1 = AI780963; Solanum lycopersicum SMR2 = AW931119; Solanum lycopersicum SIP4 =
AAG43410; Solanum tuberosum SMR1 = BM110486; Zea mays SMR1 = AZM4_61016; Zea
mays SMR2 = AZM4_26293 Oryza sativa EL2 = T03676; Oryza sativa SMR1 = AAK20052;
Populus tremula SMR1 = BU815024; Glycine max SMR1 = AW704877. All of these accession
numbers are from the NCBI database with the exception of Zea mays SMR1 and Zea mays
SMR2, which are from TIGR.
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CHAPTER 4:
INTEGRATION OF DEVELOPMENTAL SIGNALS FOR SIM FAMILY
REGULATION
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4.1 Introduction
During development, plant shape is formed based on the direction of cell elongation and
rate of cell division (Beemster and Baskin, 1998). New plant organs develop from specialized
regions of undifferentiated embryonic cells that are characterized by their ability to divide,
known as meristems. Stem cells in animals are analogous to meristems in plants, which is where
the terminology of “stem” cell was derived. Both are undifferentiated cells that have the
potential to actively divide indefinitely. Apical meristems are found at the tips of the shoot and
root and are responsible for the cell divisions that give rise to all tissues of the plant. All aboveground organs of the plant are derived from the shoot apical meristem, and likewise, the root
apical meristem gives rise to all under-ground tissues. Clearly, the cell cycle must be tightly
regulated in meristematic regions of growth in order for proper plant formation.
The coordination of cell division with developmental timing is important for plant
survival. Innate signaling pathways during development, as well as environmental cues, play a
key role in assuring appropriate growth in response to conditions. Division at the root apical
meristem must be regulated in response to the needs of the plant. Continued cell division, hence
root growth, is necessary if water or nutrient availability is low. On the other hand, if water and
nutrient requirements are being met, wasting energy and cellular resources on root growth is not
beneficial to the plant.
Many plants produce flowers at specific times to maximize reproductive success. Shoot
development in flowering plants is a continuous process that is ultimately controlled by the
activity of the shoot apical meristem (Steeves and Sussex, 1989). During flowering, divisions in
the shoot apical meristem must be appropriately regulated to produce an inflorescence at the
right time and with the proper architecture. In higher plants, growth of the flowering stem may
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be indeterminant, where the apex grows indefinitely and flowers are produced in a continuous
succession along the main stem until senescence; or determinant, where growth ceases when a
terminal flower arises on the shoot apex itself (Rickett, 1944; Weberling, 1989). A key transition
in the timing of flower production is the switch from vegetative to reproductive development, in
other words the decision of when to flower. In Arabidopsis, the indeterminant shoot apical
meristem first goes through a vegetative phase, producing a rosette of leaves, then later in
response to developmental and environmental signals undergoes a switch to a reproductive
phase. In this phase, the stem elongates, modified leaves are produced along the stem, and
flowers are produced, forming the inflorescence. Mutants affecting development decisions have
contributed to the isolation and characterization of genes responsible for maintenance of floral
meristem identity, including SELF-PRUNING (SP) in tomato, CENTRORADIALIS (CEN) in
Antirrhinum, and TERMINAL FLOWER1 (TFL1) and FLOWERING LOCUS T (FT) in
Arabidopsis (Shannon and Meeks-Wagner, 1991; Alvarez et al., 1992; Bradley et al., 1996;
Bradley et al., 1997; Pnueli et al., 1998; Kardailsky et al., 1999; Kobayashi et al., 1999). These
proteins are all phosphatidylethanolamine binding proteins (PEBPs) homologous to the mouse
Raf kinase inhibitor protein (RKIP) and are thought to play a role in cell-to-cell signaling
(Grandy et al., 1990; Bradley et al., 1997). TFL1 plays a role in inhibiting flower production at
the indeterminant shoot apex of Arabidopsis, but is also expressed during the vegetative phase of
development, playing an additional role in delaying the commitment to inflorescence
development (Shannon and Meeks-Wagner, 1991; Alvarez et al., 1992; Bradley et al., 1997).
Loss of TFL1 function results in plants with a short vegetative phase, hence early-flowering,
with less production of leaves, branches, and flowers. And unlike wild-type plants that have an
indeterminant shoot apex, the shoot meristem converts to a terminal flower in tfl1 mutants
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(Shannon and Meeks-Wagner, 1991; Alvarez et al., 1992). FT acts antagonistically to TFL1 by
promoting flowering (Kardailsky et al., 1999; Kobayashi et al., 1999). Loss-of-function ft
mutants have a delayed reproductive phase, resulting in late flowering. Overexpression of FT
mimics the loss of TFL1 function, and vice versa (Koornneef et al., 1991; Ratcliffe et al., 1998).
I report here that the SIM family may be, in part, regulated by this conserved signaling pathway
controlling flowering and maintenance of the shoot apical meristem.
Throughout all developmental stages, plants respond very flexibly to their environment.
Sugar sensing is a key determinant of when cells commit to mitosis (Francis and Halford, 2006).
The availability of sucrose, the major transported product of photosynthesis, is proposed to be a
good indicator of overall photosynthetic capacity and prevailing conditions (Koch, 1996).
Sucrose acts as a signaling molecule that is involved in the control cell cycle progression,
inducing the expression of some of the D-type cyclins, particularly CYCD2 and CYCD3, A-type
cyclins, and CDKA;1, (Jyung and Sheen, 1997; Riou-Khamlichi et al., 2000; Richard et al.,
2002). Given that sucrose acts as a mitogen and sim loss-of-function results in inappropriate
mitoses in trichomes, I examined sim plants grown with sucrose supplementation to determine if
a mutant phenotype would be revealed in the roots. I hypothesized that additional cell divisions
might be observed and report here that SIM may play some role in countering the mitogenic
response to sugar in roots.

4.2 SMRs May Play a Role In a Conserved Signaling System That Regulates
Floral Meristem Proliferation
As mentioned briefly in section 2.8, a SIM-related protein from tomato, named SELFPRUNING INTERACTING PROTEIN4 (SIP4) was isolated from a yeast 2-hybrid screen using
SP as bait (Pnueli, 2001). Pnueli et al. show that SIP4 interacts with not only SP, but also a
NEVER IN MITOSIS A-like (NimA-like) kinase and a 14-3-3 protein in tomato. NimA kinases
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are a class of Ser/Thr kinases that regulate early and late G2 phase progression and are necessary
for entry into mitosis, chromatin condensation, and nuclear localization of CYCB/CDK complex
in mammals and Aspergillus (Osmani et al., 1991; Lu et al., 1993; Fry and Nigg, 1995; Ye et al.,
1995; Wu et al., 1998). 14-3-3 proteins generally function as adapter proteins that are involved
in a myriad of cellular events, but most commonly operate by binding phosphoproteins in order
to alter their activity (Aitken, 1996; Muslin et al., 1996; Peng et al., 1997).
Pnueli et al. demonstrated that SIP4 is phosporylated on the serine found in motif 5
(Figure 2.2, Figure 3.1) at its C-terminal end by a NimA-like protein, SELF-PRUNING
ASSOCIATED KINASE (SPAK). Upon phosphorylation by SPAK, a 14-3-3 protein binds to
SIP4 (Figure 4.1, Pnueli, 2001). SP may act as a docking factor that facilitates these associations
to alter the activity of SIP4.

Figure 4.1 Model of SP Interactions in Tomato.

4.3 SMR2 and SMR3 Interact with TERMINAL FLOWER-Like Protein in
Vivo
Given that SIP4 interacts with SP and SPAK in tomato, I tested analogous associations in
Arabidopsis. 35S:ECFP fusions to SIM, SMR2, and SMR3 were tested using FRET for
interaction with 35S:EYFP fusions to a TFL/FT-like protein (MOTHER OF FT AND TFL1) and
a NimA-like protein. The TFL/FT-like protein is also a PEBP, sharing 50% identity and 70%
sequence similarity with TFL, and 48% identity and 64% similarity with FT. Interestingly, the
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antagonistic proteins TFL and FT share 56% identity and 74% sequence similarity. Fusions
were transiently co-expressed via biolistic particle bombardment of Arabidopsis epidermal cells.
I found that SMR2 and SMR3 interact with the TFL/FT-like protein, whereas SIM does not
(Table 4.1). Only SMR2 interacted with the NimA-like kinase that shared the most sequence
similarity with SPAK (Table 4.1).

Table 4.1 Interaction with TFL-like and NimA-like 1 Determined by FRET
Donor
Acceptor
(CFP fusion) (YFP-fusion)
FRET Efficiency(%)a
nb
pc
Interaction?
TGA5
TGA5
17.75
10
<0.0001
Yes
TGA5
LexA-NLS
1.10
10
1.0000
No
SIM
TFL/FT-like
0.10
10
0.2200
No
SMR2
TFL/FT-like
14.75
10
0.0002
Yes
SMR3
TFL/FT-like
10.10
10
<0.0001
Yes
SMR2
NimA-like 1
12.79
10
<0.0001
Yes
SMR3
NimA-like 1
0.32
10
0.71
No____
a
The Acceptor Photobleaching method was used to determine the FRET efficiency (see materials
and methods).
b
Number of nuclei analyzed.
c
Student’s t-tests were performed for each data set. P indicates the statistical significant
difference between each data set and the negative control values.

4.4 SIM May Be Involved in Sugar Sensing
An additional sim loss-of-function phenotype was observed when sim plants were grown
on agar plates containing Murashige and Skoog (MS) salts and 1% sucrose (Murashige and
Skoog, 1962). I observed that around day 12 after germination, growth at the root apex leveled
off in Col plants whereas sim roots continued to grow (Figures 4.2, 4.3B). When grown on MS
plates not supplemented with sucrose, Col roots continued growing past 12 days after
germination along with sim roots (Figure 4.3A, C). By day 16, a significant difference was
observed in the length of sim-1 roots versus wild-type roots grown in the presence of sucrose
(Figure 4.3B, C; p < 0.001).
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SIM-overexpressing plants in a Col background had much slower-growing and shorter
roots than wild-type plants on both MS plates with and without sucrose due to the extra
inhibition of cell divisions in the root (Figures 4.2A-C, 4.3). SIM overexpression in a sim loss-of
function background complemented the mutant root phenotype, mimicking wild-type roots in
length when grown in the presence of sucrose (Figures 4.2B, C, 4.3; p = 0.61).
When grown in the absence of sucrose, Col, sim, and SIM-overexpressors in a sim
background all grew to approximately 81mm after 16 days (Figure 4.3A,C). With sucrose
available in the media, only sim plants did not produce shorter roots, maintaining an average of
81mm after 16 days; Col and SIM-overexpressors in a sim background produced roots that
averaged only 60mm (Figures 4.2, 4.3B, C). Even SIM-overexpressors in a Col background
produced shorter roots when sucrose was available, on average 12mm shorter than when grown
in the absence of sucrose (Figure 4.3A-C).

Figure 4.2 Phenotypic Analysis of Roots Grown on MS Plates Supplemented with 1%
Sucrose. Two representative plants of each phenotype are shown from left to right: Col, sim,
35S:SIM in Col background, 35S:SIM in sim background. All are shown at 16 days after
germination.
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C

Figure 4.3 Root Growth With and Without Sucrose. (A) Roots grown on MS plates
containing no sucrose. (B) Roots grown on MS plates supplemented with 1% sucrose. ( = Col,
= sim, X = 35S:SIM in sim, = 35S:SIM in Col; n = 32-46). Seeds were cold-treated at 4°C
for 48 hours to break dormancy. Only plants that germinated on the same day were included in
the study. (C) Root lengths of each genotype compared with and without sucrose in the media at
day 16 after germination. Error bars represent standard deviation. Student T-tests were
performed to calculate significant differences between Col on sucrose vs. Col on MS alone (p <
0.001) and Col on sucrose vs. sim-1 on sucrose (p < 0.001); no significant differences were
calculated for sim-1 on sucrose vs. sim-1 on MS alone (p = 0.81), sim-1 on sucrose vs. Col on
MS alone (p = 0.91), and Col on sucrose vs. 35S:SIM in a sim-1 background on sucrose (p =
0.61).
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4.5 Discussion
I have found that the SIM family members are targets in signaling pathways that affect
cell cycle control in response to developmental cues. First, I report that several of the SMRs
tested show interactions with key proteins involved in the timing of flowering and maintenance
of the inflorescence meristem (Table 4.1). Interestingly, overexpression of SMR2 and SMR3,
both found to interact with a TFL/FT-like protein, results in plants that do not produce an
inflorescence (Figure 3.4). Given that TFL inhibits the vegetative to reproductive transition in
the shoot apical meristem and FT promotes this transition, it is difficult to predict exactly how
the TFL/FT-like protein is influencing the decision to flower and how it relates to SMR
regulation. In one case, a TFL-like role for the protein would inactivate the SMRs, releasing the
inhibition of cell divisions in the meristem, maintaining growth of the vegetative shoot apex. In
another case where the protein plays a role more similar to FT, the SMRs would need to be
activated to inhibit cell proliferation at the shoot apex. Taken together with the interaction with a
NimA-like kinase and 14-3-3 protein, the SMRs may be inactivated when given the cue from the
TFL pathway (Figure 4.4).

Figure 4.4 Model For Inactivation of SIM Family by TFL pathway.
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Currently, investigations are underway to elucidate the relationship between the SIM
family, TFL1, TFL2, FT, and several NimA-like kinases in Arabidopsis. Besides testing for
further interactions, studies of NimA-like protein overexpression in plants, including sim and
SIM-overexpressing plants might shed light on whether they are involved in SIM regulation.
According to my current model, NimA-like overexpression might mimic the sim loss-of-function
phenotype; whereas, overexpression in SIM-overexpressing plants might restore plants to a wildtype phenotype. There are at least 10 NimA-like proteins and four SIM family members in
Arabidopsis, so finding the right associations could prove to be difficult given the functional
redundancy.
Energy availability is one of the key requirements for cell divisions to occur. Preliminary
results suggest that SIM may have some function in sensing sucrose availability in the root.
Typically, an ample available carbon source translates into the cue that conditions are favorable
for cell division and organ development (Jyung and Sheen, 1997). In roots, it makes sense that if
sucrose is available, there is not a need to use the valuable energy source to elongate the roots,
but rather invest the energy more wisely in aerial, photosynthetic parts of the plant. That way,
there is a larger return on energy production in the plant as a whole. When the function of SIM
is lost, the plants seem to lose their ability to sense that sucrose is available, and they continue to
grow as if no sugar is present (Figure 4.2, 4.3A-C). Further investigations following up on this
casual observation are needed to elucidate the role of SIM in response to sugar in the root.

4.6 Materials and Methods
F RET Analysis
Full length MOTHER OF FT AND TFL (At1g18100) and NimA-like1 (At3g63280)
were amplified from the cDNAs C00058 and U18685, respectively, in a two step PCR reaction
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and inserted into the GATEWAY® vector pDONR221 (Invitrogen, Carlsbad, CA) by attB
recombination following the manufacturers protocol (http://www.invitrogen.com/content/sfs/
manuals/gatewayman.pdf). Error-free entry clones were confirmed by sequence analysis before
attL recombination into the pDuEX-An1 (Kato and Fujikawa, 2007). CFP-fusions to SIM,
SMR2, and SMR3 were described in section 2.9. For YFP and CFP-gene fusions, vectors were
directly introduced to Arabidopsis leaves via particle bombardment using a PDS-1000/He
Biolistic Particle Delivery System (Bio-Rad, Hercules, CA), incubated overnight in water at
room temperature with constant shaking, and visualized on a Leica TCS SP2 spectral confocal
microscope. Scanning electron microscopy was performed as previously described (Larkin et
al., 1999). The acceptor photobleaching FRET method was performed as described in section
2.9.
Root Growth Analyses
Seeds were cold-treated for 2 days at 4° C, vapor-phase sterilized, and placed in a single
row on agar plates containing full strength M5524 Murashige and Skoog (MS) salts (Sigma
Aldrich, St. Louis, MO), both with and without 1% sucrose. Plates were placed vertically in the
growth chamber and root lengths were observed everyday for 16 days. Seeds that did not
germinate on the same day as the others were excluded from the study.
Accession Numbers
Sequence data from proteins mentioned in this chapter can be found in the EMBL/GenBank data
libraries under the accession numbers: TFL-like (Mother of FT and TFL1; At1g18100),
Q9XFK7; NimA-like1 (At3g63280), NP 191887; SIM (At5g04470), CAB85553; SMR1
(At3g10525), BAC42937; SMR2 (At1g08180), AAF18255; SMR3 (At5g02420), CAB85979;
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Solanum lycopersicum SIP4, AAG43410; Solanum lycopersicum SPAK, AF079103; Solanum
lycopersicum 14-3-3, AF079451.
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CHAPTER 5:
CONCLUSIONS
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Using the trichomes of Arabidopsis thaliana as a model system, I have isolated and
characterized the SIAMESE (SIM) gene. The sim phenotype was identified using a classical
genetic approach to isolate mutants affecting trichome development (Walker et al., 2000). Since
trichomes are the only cell type that is obviously affected in sim plants, the mutant phenotype
would likely go unnoticed to an investigator whose focus does not include trichomes. The
isolation and characterization of SIM led directly to the discovery of a novel class of cell cycle
regulators that appears to be unique to plants, which validates the use of trichomes as a model
system for understanding cellular function.
SIM clearly plays a role in inhibiting mitosis, given that loss of SIM function results in
inappropriate cell divisons, whereas overexpression of SIM results in enlarged, highly
endoreplicated cells in overall dwarfed plants (Figures 2.1B, 2.1C, 2.8A-H). Clues to the exact
role SIM plays were uncovered when several similar proteins were identified in other sequenced
plant genomes. Alignment of these proteins led to the identification of conserved domains and
functional information for related proteins in other plants besides Arabidopsis (Figure 2.2B). I
have shown here that SIM, SMR2, and EL2 all interact with D-type cyclins and CDKA;1 and
identify the domain that facilitates the cyclin interaction (Tables 2.1, 3.1; Figure 3.2H). The
cyclin binding domain is found in all of the SMRs and is the one motif that is similar in sequence
to a conserved domain found in the ICK/KRP family of CDK (Figures 2.2B,C; DeVeylder et al.,
2001). I also demonstrate that the rice EL2 protein, which has been shown to inhibit CDKA;1
activity (Peres et al., submitted), is a functional homolog of SIM and can rescue the sim
phenotype (Figure 3.3C). Together with the sim loss-of-function and overexpression phenotypes
of SIM and the SMRs, these functional data indicate that the SIM family encodes a class of CDK
inhibitors affecting entry into mitosis.
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Although SIM does not interact with the mitotic B-type cyclins and CDKs, a clear role in
inhibiting mitosis is evident (Table 2.1; Figures 2.1B, 2.1C, 2.8A-H). SIM regulation of
CYCB1;1 expression in trichomes sheds some light on how SIM may be contributing to the
regulation of the G2 -to-M transition and cessation of cell division (Figure 2.1G). The promoters
of plant B-type cyclins contain a common cis-acting element, called the MSA (Mitosis-specific
activator) element, which is required for G2 /M phase-specific promoter activation (Ito et al.,
1998). MSA-like sequences are also found in the promoters of other G2/M-specific genes, such
as the NAK kinesin-like proteins, suggesting a mechanism whereby gene promoters containing
an MSA element can be transcriptionally co-regulated at the appropriate time during the cell
cycle to insure proper entry into mitosis (Ito, 2000). The consensus sequence of the MSA
element (YCYAACGGYY where Y indicates C or T) is recognized by a set of three repeat
(R1R2R3, or 3R) Myb transcription factors, which are characterized by three copies of the
conserved Myb DNA-binding domain (Ito et al., 1998; Ito et al., 2001; Ito, 2005). Thus, the
transcription of cyclin B and other G2/M-specific genes is dependent upon activation by these
3R-Myb transcription factors (Ito et al., 1998; Ito, 2000; Ito et al., 2001; Ito, 2005; Haga et al.,
2007). The work of Araki et al. (2004) in tobacco determined that 3R-Mybs have an C-terminal
region that negatively regulates the protein and requires phosphorylation by a CDK to remove
the inhibitory effect, thereby activating the 3R-Myb specifically at G2/M. They suggest that
specific cyclin/CDK complexes are necessary for 3R-Myb activation, but did not determine
which cyclin/CDK complexes play this role (Araki et al., 2004). I hypothesize that specific
CYCD/CDKA;1 complexes are required for the activation of the 3-R Myb transcription factors
that are necessary to activate transcription of B-type cyclins, and further propose that the SIM
family plays a role in regulating these CYCD/CDKA;1 complexes to ultimately control entry
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into mitosis in certain cell types (Figure 5.1). Recently, a 3R-Myb was found to be associated
with a TAP-tagged D-type cyclin in Arabidopsis (Lieven DeVeylder, unpublished personal
communication).
Plants have complex signaling pathways to integrate developmental signals and
environmental cues with cell cycle regulation. The SIM family appears to be a key link among
these networks to arrest cell division at the appropriate time in the cell cycle in response to needs
of the plant (Figure 5.1). Interactions with a NimA-like kinase, a 14-3-3, and TFL/SP point to a
role in coordinating the timing of floral transitions with the increase in mitosis required at the
shoot apex (Steeves and Sussex, 1989). Loss of NimA kinase function in Aspergillus nidulans
causes cells to arrest in G2, and overexpression results in premature entry into mitosis (Lu and
Means, 1994). In animals, NimA-related kinases (NEKs) are not essential for mitotic entry, but
have been defined as playing a key role in spindle formation, chromatin condensation, and
chromosome separation (Fry and Nigg, 1995; Fry et al., 2000; Fry, 2002; Graf, 2002; O'Connell
et al., 2003). In humans, their upregulation results in cancer (reviewed in Hayward and Fry,
2006). While NimA-like kinases remain to be characterized in Arabidopsis, their presence is
certain based on sequence similarities to known NimA-like kinases in other organisms. In
keeping with the requirement of NimA kinases for entry into mitosis, I speculate that they have
an inhibitory effect on the SIM family members that they interact with, and in some cases take
their cue from the TFL/SP pathway (Figure 5.1).
Plant stressors also trigger signaling pathways for the appropriate responses to threats. In
some cases, such as DNA damage, the necessary response involves the decision for cells to
divide, or not to divide. This involves the up- or down-regulation of genes affecting cell cycle
progression. The recent work of Peres et al. (submitted to J. Biol. Chem.) shows that the SIM
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family members, at least from Arabidopsis and rice, are among those genes that are regulated in
response to stress. Also, I show that SIM may be involved in growth responses to sugar in the
root (Figures 2.2, 2.3). Thus, additional connections can be made between the SIM family and
signaling pathways triggered by environmental cues.
Recently, Lijsebettens and colleagues showed that SIM expression is upregulated in
plants lacking a functional HISTONE MONOUBIQUITINATION1(HUB1) gene. Their
characterization of the hub1-1 mutant suggests that HUB1 regulates the cell cycle during early
organ growth in plants by promoting the transcription of genes that favor continuation of the
mitotic cell cycle and suppressing genes that support endocycling (Fleury et al., 2007). In this
case, HUB1 is required to suppress SIM transcription. Several transcription factors are
upregulated in the hub1-1 mutant, and these are likely candidates for regulators of SIM
transcription. Of interest among those listed are the NO APICAL MERISTEM (NAM)
transcriptional regulators, which account for 13 out of the 19 upregulated transcription factors in
hub1-1 mutants. NAM proteins belong to a class of plant-specific NAC (for NAM, ATAF1/2,
CUC2) transcription factors that were first identified as playing a role in developmental
processes, such as formation of the shoot apical meristem, floral organs and lateral shoots, as
well as in plant hormonal control and defense (Aida et al., 1997; Sablowski and Meyerowitz,
1998). More recently, they have been shown to directly affect cell division. A NAC
transcription factor, NTM1 (for NAC with transmembrane motif1) was constitutively
overexpressed in Arabidopsis, resulting in plants with retarded growth and serrated leaves due to
greatly reduced cell proliferation (Kim et al., 2006), a phenotype that mimics KRP and
SIM/SMR overexpression (DeVeylder et al., 2001; Figures 2.8A-H, 3.4). Not surprisingly, they
observed that a subset of the CDK-inhibitory KRPs were induced in these NAC overexpressing
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plants with a significant reduction in histone H4 gene expression and in CDK activity (Kim et
al., 2006). Taken together, these findings suggest that the SIM family may also be
transcriptionally regulated by members of the large NAC/NAM class of transcription factors in
plants.
The isolation and characterization of the SIM family and their implications in cell cycle
control through integration of developmental and environmental signals are fundamentally
important discoveries for basic plant science. However, the overall goal of basic research is to
apply more broadly the findings from a model organism to other more economically or culturally
important species. Thus far, all indications suggest that the SIM family is plant-specific, so it is
unlikely that there are human homologs. However, the KRPs only share one small motif with
the Kip proteins found in animals, so it could be possible that sequence comparisons alone are
not enough to recognize a putative homolog. The extrapolation of my findings to crop plant
species is more realistic. Currently, biotechnology companies are interested in knocking out the
KRP proteins in an effort to produce larger plants to increase yield and larger flowers for the
floral and gardening industry. My recent finding of SMRs in agriculturally important crop
plants, such as corn, tomato, potato, rice, and soybean may draw attention to this additional class
of CDK inhibitors. Agronomists have long been trying to manipulate plant growth pathways to
control cell number, cell size, and endoreplication in the economically important parts of these
crop plants to maximize yield, create greater size without losing taste, accumulate biomass for
fuels, and even reduce leaf size in plants that need to be spaced closely together. The right
combinations of overexpressing and knocking out genes that regulate cell cycle progression have
far reaching possibilities. Cereals, such as wheat, rice, corn, oats, and barley accumulate starch
in the caryopsis endosperm, which is a highly endoreplicated tissue that comprises most of the
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caryopsis and surrounds the developing embryo. In corn, endosperm has DNA contents per
nucleus averaging 90-100C and makes up 85-90% of the mature kernel dry weight (Kowles and
Phillips, 1985). The starch and protein stored in endosperm serve as primary components in the
diets of humans and livestock. Potentially, given the correlation between cell size and
endoreplication, manipulating the genes that regulate this process in cereal endosperm could
substantially increase the yield of this economically important tissue. Further elucidation of the
role of the SIM family in plants, and potentially animals, will lead to additional insights as to the
broad implications of this novel class of cell cycle regulators.

Figure 5.1 Proposed Role for SIM Family in Cell Cycle Regulation.
= activating interaction;

= inhibitory interaction.
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